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Disclaimer

The following papers have been accepted for publication in the Proceedings of the
International Conference on Acid-Rock Drainage to be held in Denver, May 22-25, 2000. The
purpose of this open-file report is to make these data available to the public, particularly the
residents of Silverton, Colo. in the Animas River watershed, so that these data can be used in
preparation for the upcoming hearing before the Colorado Water Quality Commission on water
quality standards in the Animas River watershed. This report will be superceded by publication
of the conference proceedings and will be withdrawn on June 1, 2000. All formal reference to
these reports should be made in the proceedings of the ICARD conference.
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Geologic Control on Acidic and Metal-Rich Waters in the
Southeast Red Mountains Area, Near Silverton, Colorado

Dana J. Bove,! M. Alisa Mast,! Winfield G. Wright,? Philip L, Verplanck,’ Greg P. Meeker,!
and Douglas B. Yager!

ABSTRACT

Areally extensive acid sulfate-altered and mineralized rock in the southeast Red Mountains area is noted for
its association with naturally occurring and mine-related acidic and metal-rich waters. Integrated geologic and
aqueous geochemical studies demonstrate that the degree of metal mobilization and acid production in natural
waters correlates well with the type of hydrothermally altered rock and structural features in which these water
interact. Quartz-sericite-pyrite, quartz-alunite, and argillic alteration assemblages are associated with some of
the most naturally acidic, high-metal waters in the study area; calcite-bearing propylitic rocks are related to
the most pristine waters and buffer sulfate-rich, acidic waters produced by pyrite oxidation. Trace metals in
natural waters are mostly derived from enargite, zinc-rich tetrahedrite and sphalerite. Pyrite oxidation
contributes very little with respect to base-metals in these natural waters.

INTRODUCTION

The Red Mountain Pass area, near Silverton, Colorado, has long been known for its spectacular tan and red,
bleached landscape and the production of some of the richest ores mined in Colorado. The red and bleached
bedrock, caused by-the oxidation of large quantities of finely-disseminated pyrite, together with the arsenic,
copper, and silver-rich mines, produce the acidic and metal-rich surface waters characteristic of the area. Early
geologic studies provide vivid descriptions of the corrosive nature of the natural and mine-related waters. In
a geologic report of the area, T.E Schwarz (1883) remarks that “iron springs abound, and in depth, the mine-
water becomes all that is objectionable, readily disposing of a 1/4-inch thick wrought iron column-pipe in four
weeks time; good water is not to be found.” The presence of iron-oxide cemented conglomerate above present
stream levels indicates that naturally metal-rich drainage has been active in this area for thousands if not
millions of years.

The southeast Red Mountains study area (Fig. 1), which comprises Prospect Gulch, Georgia Gulch and
the high slopes of Red Mountain #3 (Fig. 2), encompasses the margins of an extensive 23 Ma acid-sulfate
hydrothermal system with related Ag-Cu-Au breccia pipe and fault-hosted mineralization (Bove et al., 1999).
Recent studies indicate that both natural and mine-related waters within the study area are major contributors
of iron, aluminum, zinc, and other trace metals to Cement Creek, a major tributary of the upper Animas River
(Bove et al., 1998; Wirt et al., 1999).

Integrated geologic and aqueous geochemical studies in the southeast Red Mountains study area are part
of an ongoing project to provide technical suppor. towards reclaiming abandoned mine sites on Federally
owned land (Nimick and von Guerard, 1998). The objectives of the current study are to (1) characterize the
geology and mineralogy of the study area, (2) understand the relationships between specific hydrothermal
alteration assemblages, other structural and mineralogic features, and local water chemistry, (3) quantify
water-rock interactions by mass-balance modeling using detailed geologic and mineralogic data, and (4)
characterize natural and mine-related metal contributions to the local surface waters. To accomplish these
goals, we carefully mapped and studied the bedrock geology, hydrothermal alteration assemblages, and
structural features in the study area, and sampled 47 streams, springs and mine waters mostly during summer
base-flow conditions (1997-1998).

'U.S. Geological Survey, Federal Center, Denver, CO 80225-0046
2U.S. Geological Survey, Durango, CO 81302
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Figure 1 Generalized location map of the upper Animas River watershed
showing the southeast Red Mountains study area.

METHODS

Field identification of mineral phases was confirmed by whole-rock X-ray diffraction (XRD). Clay minerals
were studied by standard clay XRD techniques (Moore and Reynolds, 1989). Major and minor elemental
analyses of minerals were obtained with a JEOL 8900 electron microprobe at the U.S. Geological Survey in
Denver, Colorado; analytical precision and statistical errors are discussed in Wit et al. (1999). During the
course of this study, the locations of all adits, shafts, and significant prospects® were plotted and their
respective dumps were mapped. Based on this information and previous reports on mine workings in the area
(King and Allsman, 1950; Burbank and Luedke, 1964), stream and spring waters were classified as either
“natural” or “impacted” dependent on their geographic relationship to these workings. Water sample sites
were classified as “natural” if no roads, adits, shafts or significant prospects were located upgradient of these
sites. Conversely, stream or spring sites not meeting these criteria were termed “impacted.” Water sampled
from shafts or adits are referred to as “adit,” “shaft” or simply “mine” waters. Details on the sampling and
chemical analysis of water quality samples are described in Mast et al. (in this volume).

REGIONAL GEOLOGY

The Silverton caldera, which is nested within the larger San Juan caldera (28.2 Ma), formed in response to the
eruption of the Crystal Lake Tuff 27.6 million years ago (Lipman et al., 1976; Bove et al., 1999). The Crystal
Lake Tuff is mostly absent within the Silverton caldera undoubtedly due to erosion within this relatively
shallow subsided depression. Instead, a thick sequence of finely porphyritic dacitic-andesitic lavas comprise
the dominant rock units within the Silverton caldera (Burbank and Luedke, 1969); these lavas are referred to
as the Burns Member of the Silverton Volcanic Series (Lipman et al., 1973; Burbank and Luedke, 1969).
Rocks overlying the Burns Member vary considerably throughout the Silverton caldera and generally consist
of interbedded volcaniclastic sediments, mudflow breccias, and interbedded lavas.

The Eureka graben, which is the downdropped, northeast-trending fault zone along the crest of the
coalesced San Juan-Uncompahgre calderas, is an important host to mineralization that post-dates these
calderas by about 5-15 Ma (Lipman et al., 1976). Hydrothermal activity temporally related to these calderas
caused regional propylitization of the volcanic rocks (incipiently altered feldspars, chloritexepidotezcaicite)
with associated weakly disseminated pyrite (Slack and Lipman, 1979). Although altered and mineralized
rocks are in close spatial association with the San Juan, Uncompahgre, and Silverton calderas, alteration and

3Excavations exceeding 2—4 ft in depth or width, or any size workings within stream drainage.
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mineralization is rarely contemporaneous with caldera formation (Lipman et al., 1976; Slack and Lipman,
1979). The San Juan-Uncompahgre caldera cycle thus provided a favorable structural environment for later
mineralization. Most mineralization and associated hydrothermal alteration in this area is temporally and
genetically associated with three major episodes of high-level magmatism between about 10 to 26 Ma (Bove
et al., 1999).

GEOLOGY AND MINERALIZATION OF THE STUDY AREA

The southeast Red Mountains study area contains a massive acid-sulfate hydrothermal system that is host to
associated Ag-Cu-Au breccia pipe and fault-hosted mineralization. Geologic relations and isotopic dating
indicate that ore mineralization, hydrothermal brecciation, and pervasive hydrothermal alteration are
intimately associated with episodic intrusion of dacite porphyry magma, all of which took place at about 23
Ma (Bove et al., 1999).

Hydrothermal Alteration

The northern slopes of Prospect Gulch (Fig. 2) represent the southernmost margins of an extensive 23 Ma
acid-sulfate hydrothermal system comprised of quartz-alunite + pyrophyllite-altered rocks and related quartz-
sericite-pyrite (QSP) alteration (Bove et al., 1998). Rocks affected by this ancient hydrothermal system make
up the nearly 12 km? of brilliant bleached to orange-red peaks in the vicinity of Red Mountain Pass, north of
Silverton (Fig. 1). In contrast, rocks on the southern slopes of Prospect Gulch and in Georgia Gulch to the
south (Fig. 2), represent a much weaker regional propylitic event (~27-28 Ma) that was largely unaffected by
the later 23 Ma acid-sulfate altering fluids. Outcrops of dacite porphyry intrusion are spatially associated with
the most intensely altered rock in the study area and are conspicuously absent in areas dominated by
propylitic-altered rocks.

Quartz-sericite-pyrite assemblage. QSP-altered rock underlies a significant portion of the study area and
extends upwards to the tops of many high ridges (Fig. 2). This assemblage is characterized by roughly
25-50% fine-grained pervasive quartz, abundant well crystalline illite (sericite), and 10-20% finely
disseminated and fracture-filling pyrite. Mean thickness of fundamental illite particles by PVP intercalation
(Eberl et al., 1998)—used as an indicator of alteration intensity and zonation (Bove et al., unpub. data)—
ranges from 11 to 36 nanometers and averages 17 nanometers. Studies of a deep drill hole collared just north
of the study area indicates that much of this QSP-altered rock may represent a transition upward from deeper
potassium-rich alteration zones related to emplacement of high-level dacite porphyry magmas (Gilzean, 1984,
Bove et al., 1990).

Seh'cite-pyrite assemblage. QSP-altered rock grades outward into a weaker and less silicified marginal zone
of sericite-pyrite (SP) alteration (see Fig. 2). These rocks contain 5-15% quartz and pyrite exceeds 10 volume
percent of the rock. Oxidation of pyrite however, may be more prevalent in the weakly silicified, SP-altered
rocks relative to their more silicified QSP counterparts. The less silicified rocks are more easily weathered and
thus more susceptible to pyrite oxidation. In contrast to the QSP assemblage, illite within the marginal SP zone
is poorly crystalline, and has a mean fundamental particle size of 4 to 8 nanometers. Similar zoned physical
and structural changes in illites, such as those within the QSP and SP assemblages, have also been observed
in studies of deep drill core from similarly mineralized and altered rocks near Lake City, Colorado (Bove and
Eberl, unpub. data). Studies from the Lake City area show a rapid increase in fundamental illite particle size
that correlates with an increase in base metal concentration and proximity to an underlying dacite porphyry
intrusive body (Bove et al., 1990). The increase in mean illite particle size within the study area also
corresponds with increasing alteration intensity and proximity to intrusions; however, zonation in associated
metal content, although expected, is only conjectural.

Propylitic assemblage. Propylitic alteration generally reflects a regional event that preceded 23 Ma acid-
sulfate alteration in the Red Mountains area by at least 3 million years (Lipman et al., 1976; Bove et al., 1999).
Mass balance studies indicate that primary rock-forming elements were mostly conserved during propylitic
alteration (Fisher and Leedy, 1973; Bove et al., 1990); however, sulfur was added to most of these rocks in
the form of minor finely disseminated pyrite. Primary rock-forming minerals were variably replaced by fine
mixtures of epidote, chlorite, calcite, and illite. Abundances of any one of these four minerals range from 0 to
30 volume percent of the rock, whereas collective totals span from <5 to 40 volume percent. In general,
plagioclase crystals were mostly albitized and incipiently to moderately altered to mixtures of epidote, calcite,



chlorite, and illite. Most iron and magnesium-bearing minerals such as biotite, hornblende, and diopsidic
pyroxene show near complete replacement by chlorite, epidote, illite, and fine-grained iron oxides.

Although most propylitic alteration formed during a regional hydrothermal event (>26 Ma ago), some
localized propylitic alteration formed at 23 Ma peripheral to mineralized and altered faults and fractures.
Although this younger assemblage grossly resembles the regional propylitic assemblage, it is distinguished
largely by the presence of relatively coarse-grained pyrite along fractures and by quartz, chlorite and
magnetite within veinlets.

Acid-sulfate alteration. Detailed field mapping and combined X-ray diffraction studies indicate that fault and
breccia-controlled zones of acid-sulfate alteration are generally superimposed on broad intervening expanses
of QSP-altered rock and upon QSP/SP-altered fault zones in propylitically altered rock (Fig. 2). These
composite acid-sulfate alteration zones typically transition outward from quartz-alunite into pyrophyllite,
dickite, and (or) propylitic-altered rock; sericite is generally not a component of this zonation. Mineralogical
data from three exploratory drillholes collared along a broad north-south structural zone above the Lark Mine
(Fig. 2), demonstrate that acid-sulfate alteration zones have roots extending at least 1,000 ft beneath the
ground surface. Rock from these drill core average 120 ppm Cu, 334 ppm Pb, and 31 ppm Zn. Fine pyrite,
which is disseminated and present along networks of tiny fractures, ranges from 20-30 weight percent within
these samples.

A moderately dipping tabular zone of finely silicified and hydrothermally brecciated rock is present in
the vicinity of Red Mountain #3 (Fig. 2). Surficial mapping and unpublished drill log data (Amoco Minerals)
indicate that this 200-ft thick breccia mass abruptly transitions downward and outward into strongly argillized
rocks composed of dickite, minor to moderate quartz, and abundant finely disseminated pyrite. The upper
breccia mass is composed of banded and intensely brecciated jasperoidal quartz; the lower half contains
abundant vugs filled with clay, jarosite, iron-oxides, and rare native sulfur. Zones of quartz-alunite-altered
rock are spatially associated with the silicified breccia, and these in turn also grade outward into argillized
rock. Disseminated pyrite (10-25%), enargite, and lesser covellite and galena are present throughout the entire
silicified breccia. However, sulfides are mostly oxidized within the uppermost 220-280 ft of this entire
mineralized zone. Although gold and silver are anomalously concentrated within the silicified breccia
(averaging 0.03 oz/ton Au, 0.60z/ton Ag), these metals are lacking in argillized rocks beneath and bounding
the breccia mass (Matlock and Hollister, 1990).

Soils and Precipitates

Soils formed from the decomposition of fresh to propylitic altered rock contain smectite and illite, with minor
amounts of kaolinite and chlorite. Clays within soils formed from intensely altered rocks (QSP, SP) however,
consist of illite, and minor amounts of chlorite and kaolinite. The absence of kaolinite in any major alteration
assemblages suggests that this clay formed by neoformation. Whereas, the compositional similarities of illite
and chlorite within soils and hydrothermally altered protolith strongly suggest that these soil minerals were
inherited. Lack of detailed clay studies on propylitic altered rocks, however, make it difficult to assess the
origin of smectite within these associated soils.

Precipitates within mildly to moderately acidic stream channels consist mostly of X-ray amorphous iron
hydroxides with minor amounts of goethite. An iron precipitate mound at an acidic spring near the mouth of
Prospect Gulch (site P15; Fig. 2) is comprised of major amounts of X-ray amorphous iron hydroxide, goethite,
and jarosite. An X-ray amorphous aluminum hydroxide precipitate was found in the stream channel just below
site P12 (Fig. 2).

Mining and Ore-Related Minerals
Ore minerals present within the major mines in the southeast Red Mountains study area formed mostly at 23
Ma and are localized along large (>150 ft wide), mineralized fault structures and spatially associated
hydrothermal breccia masses (Fig. 2)(Bove et al., 1999). These ores are mineralogically similar to the
contemporaneous but more famous 23 Ma mineralized breccia deposits (i.e., National Belle, Yankee Boy, and
Guston mines; Ransome, 1901; Fisher and Leedy, 1973; Nash, 1975) in the adjacent Red Mountain Pass area.
Although hydrothermal breccias are common in the study area (Fisher and Leedy, 1973; Nash, 1975; Bove et
al,,1998), classic mineralized “breccia bodies,” such as those observed in the Red Mountain Pass area, do not
crop out at the surface.

Representative samples obtained from waste and ore dumps from some of the larger mines in Prospect
Gulch have been studied by petrographic microscope, X-ray diffraction, and electron microbeam studies (Wirt



et al., 1999, Table 1, p. 21). These studies show the major ore minerals to consist of pyrite, sphalerite, galena,
enargite, and arsenic- and zinc-rich tetrahedrite, in decreasing order of abundance. Gangue and related
minerals include alunite, pyrophyllite, quartz, and illite, with minor amounts of barite, diaspore, anglesite, and
zunyite. Genesis of the acid-sulfate/breccia ores in the study area and in the adjacent Red Mountain Pass area
has been clarified recently by geologic and stable isotope studies (Bove and Rye, unpub. data), and is very
similar in nature to the acid-sulfate hydrothermal systems and related ore deposits in the Summitville and Lake
City areas of Colorado (Bove et al., 1990; Gray and Coolbaugh, 1994; Bove et al., 1999).

WATER CHEMISTRY

Natural Sources of Acidity and Heavy Metals to Surface Waters

Geochemical data from a subset of stream, spring, and mine effluent waters sampled within the study area are
shown in Table 1, sample locations are shown on Figure 2. Plots depicting those waters that interacted with
near end-member alteration assemblages are shown on Figure 3. From these data it is apparent that individual
alteration assemblages produce relatively distinctive aqueous geochemical signatures. As shown on Figure 2,
the large expanse of QSP-altered rock on the north side of Prospect Gulch and argillic and quartz-alunite
altered rock south of Red Mountain #3 are associated with some of the most naturally acidic waters in the
study area (median pH 3.1 and 3.3), with mean conductivity of 654 and 820 uS/cm, and base metal sum (Zn
+Cu+Cd+Ni+Co+Pb) of 281 and 751 ug/L, respectively. In contrast, waters draining SP and mixed SP and
propylitic-altered rock on the margins of the hydrothermal system are less acidic and lower in metals with
median pH values of 3.6 and 6.1, mean specific conductance of 338 and 142 pS/cm, and mean sum of base
metals of 252 and 76, respectively. Waters influenced by propylitic-altered rocks, which are largely south of
the axis of Prospect Gulch (Fig. 2), generally have the lowest metal concentrations in the study area. These
waters have a median pH value of 5.9, mean alkalinity of 14 ug/L., and mean conductivity and base metal sum
of 58 uS/cm and 77 pg/L, respectively.

In addition to mineralogical differences in bedrock geology, structural components such as fractures,
bedding planes, and surficial deposits such as landslides and talus slopes, also may play a key role in the
generation and occurrence of low pH and metal-rich surface waters. For example, spring P15, which
discharges at the base of a NNW-trending fracture zone (Fig. 2, Table 1), has the lowest pH and highest metal
concentrations of all unimpacted surface waters collected in the study area. Although the fracture zone is
hosted in propylitic-altered rocks, the spring water appears to reflect the influence of QSP and acid-sulfate

Table 1 Water quality data from a subset! of springs, streams, and mines in the study area.

[Site locations (No.) are shown on Figure 2. Alt.= dominant alteration type. S, P, or A, preceding No. is stream, spring,
or adit or shaft. SC= specific conductance. Metals is sum of Cu, Co, Cd, Ni, Zn, Pb.]

No. Alt. pH SC Mg Ca Na Si SO Al Fe Mn Zn Cu Metals
(uS/cm) mg/L. pg/L
PI QSP 325 654 101 351 032 156 238 14,190 5212 1473 156 45 253
S2 Sp 298 608 26 169 0.13 77 145 1,710 8,189 1,105 92 34 177
P3 QSp 275 940 63 43 022 283 327 8,835 41924 582 132 188 394
S4 SP/PROP 6.16 103 20 136 076 3.6 33 122 421 66 <3 5 <80
S5 PROP 6.05 57 12 74 037 19 16 <1 30 <1 <3 4 <80
A6 MINE 279 1087 1.9 20 029 622 367 12,610 60,300 244 11,960 638 13,610
S7 PROP/SP 660 228 5.1 330 1.77 45 61 <1 67 81 <3 6 <80
S8 Sp 415 118 1.5 1LI 049 63 45 1,580 30 245 <3 10 82
A9 MINE 330 775 67 779 081 114 338 3,114 6,599 10,800 3,951 619 4,780
S10 MIX 2 586 205 39 270 095 76 95 43 55 323 424 10 489
Sil PROP3 654 316 83 442 106 57 143 133 30 559 178 4 234
PI2 PROP? 640 685 84 1108 187 57 320 <1 48 <1 <3 4 76

Al3 MINE 235 1780 038 31 035 153 691 5870 117,645 205 52,370 3,924 56,680
S14 MIX 2 341 234 1S5 70 040 95 51 1,764 5,585 155 1,052 136 1,376
P15 MIX 2 313 860 86 321 1.12 582 351 20695 55,146 758 1,072 4 L1137

1Some water analyses cited in this report are yet unpublished and do not appear in this table.
2Mixed influence from several alteration assemblages.
3Mixed SP and PROP with important structural component.
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rocks along the upper slopes of Prospect Gulch indicating that the fracture system may act as a conduit
between these two areas. The tritium concentration in a sample from site P15 indicates the spring is fed by a
mixture of recently recharged water and water that may be more than 50 years old. This older water
component supports the idea that the fracture may control the flow of water over the relatively long distance
between the headwater area and the discharge point of the spring. As shown on Figure 4, the chemistry of this
spring water is strikingly similar to QSP-related waters. However, some of the minor differences in trace
metals probably relate to interaction with Cu-deficient mineralized vein material along the fracture conduit.
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Figure 3 Constituents of natural waters related to various alteration
assemblages. Individual plots average of several representative samples.
H* ion multiplied by 1,000.
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Figure 4 Constituents of average QSP water, average Prospect Gulch Mine water,
and spring site P15. H* ion multiplied by 1,000.



Another example of the importance of structural control on water-rock interaction processes is
illustrated on the southwestern slopes of Prospect Gulch. In this case, spring-fed waters discharging on both
sides of a small landslide (Fig. 2) had pH values of about 6.5 with specific conductance values > 800 uS/cm.
Geochemical data from the western-most spring (P12) shows high concentrations of dissolved SO, and Ca in
conjunction with high alkalinity (Table 1). In contrast, stream water just upstream from site P12 had a pH of
6.5 and a specific conductance of 90 uS/cm. The neutral and relatively dilute stream water undoubtedly
reflects minimal water-rock interaction time as the water travels along the margins of the slide. In comparison,
the highly concentrated spring waters likely indicate increased water-rock interaction time related to a
bounding NE fracture zone (SP-altered rock) and water migration along the base of the landslide mass
(propylitic/SP-altered rock).

Mine Waters and Sources of Dissolved Metals

Average mine waters from the Prospect Gulch area are enriched in Pb, Zn, Cu, and Cd and depleted in Ca and
Sr relative to the most “naturally” acidic/high-metal waters of this subbasin (Fig. 4). These differences can be
explained by the concentration of the ore minerals pyrite, sphalerite, galena, enargite, and arsenic and zinc-
rich tetrahedrite and the absence of calcite in the associated mines. Relative to other mine waters in the upper
Animas River watershed (Nash, 1999, Mast et al., in this volume), mine discharge in Prospect Gulch is
compositionally unique and relatively enriched in Cu, Pb, Cd, Cr, and As—a signature of the 23 Ma Cu and
As-rich, acid-sulfate-related mineralization (Burbank et al., 1972). Mine waters associated with pervasive
acid-sulfate altered rock also are notably depleted in Sr, Ca, and Mn relative to other mine waters outside the
study area. In some instances, these apparent depletions may be directly correlated to the absence of gangue-
related minerals such as rhodonite (MnSi0;), rhodochrosite (MnCO,3) and calcite; however they are also
related to the scarcity of calcite and plagioclase (Ca, Sr), and chlorite and pyroxene (Mn) that are associated
with propylitic-dominant host rocks. This is illustrated by comparing mine drainage in propylitic-dominant
host rock in adjacent Georgia Gulch to mine waters associated with acid-sulfate-altered host rock in northern
Prospect Gulch. As shown in Table 1, effluent from the Kansas City mine in Georgia Gulch (S9) has more
than ten times the dissolved constituents of Mn, Ca, and Sr as do mine waters from northern Prospect Gulch.

Weathering Reactions from Inverse Geochemical Modeling

Inverse geochemical modeling using the program NETPATH (Plummer et al., 1994) was performed on four
diverse natural waters to identify geochemical water-rock reactions associated with some of the major mapped
alteration assemblages; modeled waters represent springs or stream headwaters. Inverse modeling uses field
data to interpret water analyses in terms of water-rock interactions along a known flow path. Modeling input
includes water from two points along a flow path (initial and final product) and stoichiometric formulas of all
minerals possibly interacting with the water along the path. Results of the modeling yield possible sets of
water-rock interactions to explain the computed differences in concentration of various dissolved constituents
in these two waters. Model results were evaluated on the basis of known mineralogical constraints (see
sections on hydrothermal alteration, mineral precipitates, and soil mineralogy), NETPATH speciation
calculations, and by a general knowledge of kinetic rates of mineral dissolution and precipitation. The
compositions of most mineral phases likely to be dissolving and precipitating in these waters are given in
Table 2. Starting water compositions were obtained from mean annual volume-weighted precipitation
concentrations measured at a nearby monitoring station at Molas Pass (Mast et al., this volume). Results from
the mass-balance analyses, which are shown in Table 3, varied considerably for each of the four waters, mostly
reflecting differences in alteration intensity of the associated bedrock.

Propylitic alteration assemblage. Results from stream sample S5 represent water interaction with weakly
fractured rock of typical propylitic composition. The model indicates that calcite comprises the largest
dissolved mineral constituent and a very minor amount of pyrite were oxidized. Minor amounts of chlorite,
albite, and illite were dissolved to account for other major cations. Epidote, although present within most
propylitic-altered rocks was excluded as a potential reactant due to slow kinetics of dissolution in natural
waters above pH 3.0 (G. Desborough, 1999, U.S. Geological Survey, unpub. data). The major secondary
products indicated by the mass-balance solution are iron hydroxide and minor amounts of kaolinite and silica.

Modeling of spring sample P12 indicates the dissolution of very large amounts of both calcite and pyrite
and relatively minor diopside, chlorite, and albite. As shown in Table 2, the preferred modeling results include
secondary aluminum hydroxide (a precipitate found at the sample site) and silica, both of which were
saturated in the NETPATH speciation calculations. This model demonstrates the important role of calcite-



Table 2 Chemical data of select mineral phases (in weight percent)
for mass balance study.

Element plag chlorite' diopside' illite® epidoté pyrite'

NaO, 11.20 0.01 0.37 0.10 0.01 0.00
MgO 0.00 18.46 15.26 1.38 0.00 0.00
ALO, 19.87 19.76 0.81 33.00 24.13 0.00
Si0, 67.37 28.09 53.36 48.90 37.47 0.00
TiO, 0.01 0.13 0.19 0.33 0.08 0.00
FeO 0.11 21.03 8.37 <0.08 10.61 46.40
MnO 0.00 0.73 0.54 0.00 0.75 0.00
K0 0.19 0.09 0.00 9.32 0.00 0.00
CaO 0.81 0.08 21.87 <0.03 21.97 0.00
BaO 0.01 0.00 0.02 0.00 0.00 0.00
S 0.00 0.00 0.00 0.00 0.00 53.51
Cu 0.00 0.00 0.00 0.00 0.00 0.02
Zn 0.00 0.00 0.00 0.00 0.00 0.04
As 0.00 0.00 0.00 0.00 0.00 0.01
Co 0.00 0.00 0.00 0.00 0.00 0.06

! Electron microprobe, this study.
2 (Eber] and others, 1987.)

Table 3 Results of mass balance modeling of natural waters draining
the major alteration assemblages in study area. Positive values indicate
dissolution and negative values indicate precipitaton in units of mmoles
per liter of water. nm represents minerals not included in model.

Mineral Phases ss! p12? sg? p3*
dissolved/precipitated PROP PROP-SP  SP-PROP QSsp
Calcite 0.178 2.600 0.229 0.096
Pyrite 0.080 1.664 0.231 1.700
Chlorite 0.030 0.121 0.013 0.159
lite 0.004 0.000 0.011 0.015
Albite 0.004 0.020 0.005 0.001
Diopside 0.000 0.134 0.034 0.000
SiO, 0.003 -0.697 -0.099 -0.206
Goethite -0.111 -1.833 -0.257 -1.113
Kaolinite 0.030 0.000 0.000 nm
Al(OH);3 nm -0.170 nm nm
CO, gas -0.131 -0.052 -0.581 -0.415
Pyrophyllite nm nm nm -0.087

!Propylitic alteration.

2propylitic and sericite-pyrite alteration controlled by structural features.
3Sericite-pyrite and minor propylitic alteration.

4Quartz-sericite-pyrite and minor propylitic alteration.

bearing propylitic rocks in the buffering of acidity produced by pyrite. As discussed in a previous section,
these neutral pH and high alkalinity waters (Table 1) probably derived their high sulfate concentrations from
the faulted and SP-altered rock in which they originated (Fig. 2). Subsequently, the acidic starting waters then
probably reacted with calcite-bearing propylitic rocks as they slowly migrated through a small landslide mass
(Fig. 2).

Sericite-Pyrite alteration assemblage. Stream water interacting with SP-altered rock at site S8 is controlled
by calcite and pyrite dissolution in roughly equal proportions. Although the amount of calcite dissolution only
slightly increases relative to propylitic water sample S5, pyrite oxidation increases markedly, resulting in
relatively lower pH and higher SO, concentration in this water. Silicate mineral dissolution includes relatively
small amounts of diopside and chlorite, followed by even less illite. Precipitation of iron-hydroxide and minor
amounts of a silica phase were required to remove Fe and Si from solution.
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Quartz-Sericite-Pyrite assemblage. Modeling of spring water sample P3 indicates that large amounts of pyrite
dissolution within QSP-altered rock (>5 times that of SP model) was required to produce the associated highly
acidic and iron-rich water. This model requires some pyrophyllite dissolution (from a nearby acid-sulfate
alteration zone; Fig 2), which is reasonable in this low pH range. The dissolution of relatively minor amounts
of calcite is probably related to the presence of small “islands” of propylitized rock that were left relatively
unaffected by 23 Ma QSP-altering fluids. Calcite and other Ca-rich minerals, although scarce, are still present
within these islands. This model requires dissolution of pyrophyllite, chlorite, and very small amounts of illite
to account for the Al and base cations within this water; albite dissolution is negligible. Iron hydroxide and
silica were the only secondary mineral-forming phases.

Based on this model and the average Zn concentration within pyrite (Table 2), 0.00068 mmoles/L of Zn
will be liberated during pyrite dissolution (1.7 mmoles/L). This accounts for only 44 pg/L of Zn within the
resultant water, which is three times lower than the actual Zn concentration in sample P3 (132 pg/L; Table 1).
Based on this calculation, it is reasonable to assume that only a minor portion of Zn and probably Cu within
this sample is attributed to pyrite oxidation. Most likely, the concentration of combined Zn and Cu (320 pg/L)
within sample P3 is primarily related to the dissolution of sphalerite, enargite, and Zn-rich tetrahedrite, which
are common within rocks along this flow path. Although the results shown in Table 3 may not be the only
defensible models to account for the measured water chemistry, they are consistent with the mineralogic and
structural characteristics of drainage areas influencing these sites.

CONCLUSIONS

The sources of the dissolved constituents in natural water of the southeast Red Mountain Pass area can be
described by geochemical weathering processes within a series of variably altered and mineralized rock. Most
dissolved water constituents increase incrementally in conjunction with increasing alteration intensity of the
associated host rock (Fig. 3). As demonstrated in mass-balance modeling results, this progression is dependent
upon the abundance of pyrite and other base-metal sulfides and the availability of acid-buffering minerals,
especially calcite. Oxidation of pyrite, and presumably other sulfide minerals, causes naturally occurring acid
water. Aluminum is dissolved as a product of the acid weathering of aluminosilicate minerals while most
dissolved iron enters the water through the oxidation of pyrite. Dissolved copper and zinc in natural waters
originate mostly from the oxidation of vein and disseminated base-metal sulfides such as enargite, zinc-rich
tetrahedrite and sphalerite; whereas, pyrite oxidation contributes very little in terms base-metal content.
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Pre-Mining Bed Sediment Geochemical Baseline in the Animas
River Watershed, Southwestern Colorado

Stanley E. Church', David L. Fey', and Robert Blair'

ABSTRACT
Determination of the pre-mining geochemical baseline in bed sediments in watersheds impacted by historical
mining activity is important in establishing watershed restoration goals. We have developed methods to solve
this problem in the Animas River watershed, southwestern Colorado, using geomorphologic mapping to
identify terraces that contain pre-mining sediments. Following a systematic evaluation of possible sites, we
collected samples of pre-mining sediments in gravel deposits from 21 sites throughout the watershed.
Geochemical analysis of individual layers has produced a chemical stratigraphy that can be tied to the
historical record through geochronological and dendochronological studies.

Analysis of geochemical data, when coupled with the historical record, clearly shows that there has been
a major impact on the geochemistry in bed sediments in the active stream channel by past mining activities.
Historical mining has resulted in a substantial increase in metals in the very fine sand to clay-sized
component of the bed sediment of the upper Animas River, and Cement and Mineral Creeks, which are the
major tributaries of the Animas River. Enrichment factors for metals in modern bed sediments, relative to the
pre-mining sediments, range from 1 to 6 for arsenic, 1 to more than 10 for cadmium, 1 to about 15 for copper,
1 to more than 25 for lead, 1 to more than 10 for silver, and 1.6 to more than 12 for zinc. The pre-mining bed
sediment geochemical baseline is high relative to average crustal abundance values of many metals. The
Animas River watershed above Silverton, Colorado would be readily identified as a highly mineralized area
suitable for mineral exploration if it were not disturbed by mining.

INTRODUCTION

Determination of pre-mining metal concentrations in bed sediments inr watersheds affected by historical,
inactive mines is necessary to help define achievable remediation and restoration goals of the Federal land-
management agencies (FLMA). We estimate that more than forty percent of the headwaters in watersheds in
or west of the Rocky Mountains have been impacted to some degree by past mining activities (Church et al.
1998b). The determination of water quality, stream habitat and aquatic community structure that existed prior
to mining are needed to define pre-mining conditions and guide watershed restoration. Furthermore, the
suspended- and bed-sediment geochemistry degrade aquatic habitat and impact the food chain (Milhous,
1999; Besser et al. 1998). Because there are no direct measures of water quality prior to historical mining
activities, an alternative approach must be found to evaluate pre-mining stream and aquatic conditions.

A new approach has been developed to determine the pre-mining geochemical baseline conditions in
the Animas River watershed. Trace-metal concentrations in the iron oxyhydroxide and oxyhydroxysulfate
minerals that precipitated out of stream waters as colloidal fractions and were preserved in the fluvial
sedimentological record (Church et al. 1997) provide an indirect measure of pre-mining water quality. We
have applied geomorphologic mapping methods to determine the relative ages of various gravel deposits
preserved within the stream reaches. Dendrochronology, historical records, and limitéd radiometric dating
have also been used to provide minimum ages of the terrace deposits. The river-terrace deposits are generally
erosional remnants of fluvial gravel deposits. We sampled gravels in terraces preserved above the maximum
flood-stage level, as determined by overbank deposits left by the 1911 Gladstone flood, which is the
historical flood of record. We have determined trace-element concentrations in these bed sediments using the
same sampling, processing, and analytical methods that were used to determine trace-element concentrations
in modern bed sediments (Church et al. 1997). Pre-mining terrace-sediments have proven relatively easy to
identify in the watershed, although they are not readily available everywhere within the watershed.

1 U.S. Geological Survey, Mineral Resources, Denver, Colorado
2 Fort Lewis College, Dept. of Geology, Durango, Colorado
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Geology of the Study Area
The Animas River drainage basin has its headwaters in the mountainous terrain above Silverton, Colorado

(fig. 1) and drains south into the San Juan River in northern New Mexico. Elevations range from more than
4,000 m (13,000 ft) at the headwaters to less than 1,800 m (6,000 ft) at the confluence with the San Juan
River south of Aztec, New Mexico. The major population center in the watershed is the city of Durango,

Colorado (fig. 2).
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Figure 1 Map of the upper Animas River watershed (defined as the area of the watershed above the
confluence of the Animas River with Mineral Creek) showing localities of samples used to
determinine pre-mining geochemical conditions. The map area shows the upper Animas River
watershed, which is the primary focus of the current study. Additional samples are discussed in
the text from localities as far downstream as Durango (S-21), about 75 river km south of

Silverton, Colorado on the Animas River (fig. 2).
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Figure 2 Map of the Animas River watershed showing localities of samples used to determinine pre-
mining geochemical conditions. The map area shows the Animas River watershed from its
headwaters to the Colorado state line. Samples are shown in the Animas River below the area of
fig. 1. Localities are as far downstream as Durango (8-21), about 75 river km south of Silverton,
Colorado on the Animas River. Bakers Bridge (S-19) is located at the base of the Animas Canyon
section about 50 river km south of Silverton, Colorado.



The headwaters of the Animas River watershed are underlain by Tertiary igneous intrusive and volcanic
rocks that formed as a result of a late Tertiary age episode of andesitic to dacitic volcanism, followed by a
later episode of ash-flows, lava flows and intrusions of dacitic to rhyolitic composition (Lipman et al. 1976)
forming the Silverton caldera. Pervasive and intense hydrothermal alteration and mineralization events
postdate the formation of the Silverton caldera by several million years (Casadevall and Ohmoto, 1977). This
area of the Animas River watershed above Silverton has been extensively fractured, altered, and mineralized
by Miocene hydrothermal activity. Precambrian rocks crop out in the eastern part of the Animas River
drainage basin in the Animas Canyon reach south of Silverton forming the high rugged mountains in the
Weminuche Wilderess. Successive sections of Paleozoic, Mesozoic, and Tertiary sedimentary rocks crop
out in the southern part of the drainage basin, near Durango, Colorado (Tweto, 1979).

Placer gold was discovered in 1860 on Arrastra Creek above Silverton by soldiers exploring the Bakers
Park area, which later became the site of the town of Silverton, Colo. Following the signing of a treaty with
the Ute Indians in 1873, between 1,000 and 1,500 mining claims were staked in the Animas River watershed
upstream from Silverton. Mining activity spread rapidly throughout the area (Bird, 1999). The railroad was

- brought up from Durango in 1882 providing cheap transportation for ore concentrates from the many mills in
and above Silverton to the smelters in Durango (Sloan-and Skowronski, 1975). Mining continued in the
Animas River watershed until 1991 when the Sunnyside Mine closed. The Sunnyside Gold Corp. initiated
widespread remediation activities throughout the watershed in 1994.

Mineral deposits in the area include the chimney deposits associated with intrusives at Red Mountain
located in the headwaters of Mineral Creek, which are arsenic rich and contain arsenopyrite and tetrahedrite.
The major mineral production was from the base- and precious-metal polymetallic vein deposits in the
Eureka graben located between the upper Animas River and Cement Creek (fig. 1). Additional precious-
metal production occurred in the South Silverton mining district located south of the upper Animas River
southeast of Silverton (Burbank and Luedke, 1968; Leedy, 1971; Casadevall and Ohmoto, 1977). All of the
mineral deposits contain pyrite, chalcopyrite, sphalerite, and galena. Low-grade porphyry molybdenum
deposits have been identified by drilling in the Mineral Creek area (Tom Casadevall, oral commun., 1996).

Geomorphology of Fluvial Deposits

Sediment samples collected for the determination of the pre-mining geochemical baseline are from fluvial
sand and gravel deposits preserved in stream terraces. Fluvial- deposits consist of gravels that were
transported as bed load and deposited in stream beds and on bars, and finer sediments that were transported in
suspension and often deposited in overbank settings. These sediments are found in the active stream channels
and floodplains, but are also found in stream terraces. Stream terraces are former floodplains no longer
constructed and maintained by the stream. They were abandoned because the stream became incised, because
of climate change or some other reason, and thus were left elevated above the active channel and floodplain.
An understanding of the geomorphic evolution of the stream valleys and these terraces is necessary to
interpret the geochemical data. Surficial deposits of the Animas River watershed were mapped using color
aerial photographs (Blair, 1998). A surficial geologic strip map of the major tributaries, representing an area
about one kilometer in width and extending about 125 m up the sides of the drainages above the active
floodplain, has been completed for the Animas River and Cement and Mineral Creeks.

The upper Animas River and Mineral Creek (fig. 1) follow the Silverton caldera ring fracture system. The
volcanic rocks were rapidly weathered and eroded as a result of the intense fracturing and hydrothermal
alteration. Today, surficial deposits in the stream valleys are dominantly glacial, fluvial, and colluvial.
Although there have been multiple glacial episodes over the past two million years (Atwood and Mather,
1932; Gillam, 1998), only vestiges of the most recent glaciation (maximum extent about 18,000 years BP) are
present today. For example, Mineral Creek and the upper Animas River have classic U-shaped valleys and
both contain morainal deposits (Blair, 1998).

In the study area there have been two simultaneous modes of operation of the fluvial system during the
Holocene. In most stream reaches, there has been episodic stream incision followed by stability and
floodplain formation, and in some of those reaches terrace gravel deposits are preserved. Other stream
reaches have been dominated by slow aggradation of channels and floodplains, and terrace gravel deposits
are absent. In a detailed trench study of the Animas River floodplain below Eureka (fig. 1, site 3), Vincent et
al. (1999) demonstrated that for at least the past 2,000 years the valley floor has aggraded at a rate of about 1
m per 1,000 years. Between the period from 1900-1930, an additional meter of aggradation occurred in the
Animas River. More than 2 million tons of tailings were added to the Animas River from the initial stamp
and subsequent flotation mills at Eureka. Only a fraction of these tailings are now stored in the reach below
Eureka. The rest of the mill tailings have been flushed downstream and, along with tailings produced by the
numerous other mills in the stream reach, form a large sink of metal-laden sediment that raised the
concentrations of metals in historical stream deposits. The objective of this study is to identify pre-mining
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sediment deposited prior to mining and milling, and isolated from the stream and thus not contaminated by
tailings.

Field investigations indicate that fluvial gravel deposits preserved in terraces at greater than two meters
above the active stream level are probably older than 1860. The fluvial sediments in these terraces were laid
down prior to mining activity and preserve the pre-mining geochemical baseline for the representative
drainage, assuming no post-depositional human impact has occurred. These older terraces are relatively rare
in narrow canyons less than 100 m wide, such as the area south of Howardsville above Silverton, and north of
Eureka (fig. 1). The narrow canyons act as high-energy funnels during major stream flow events that flush
out and redistribute previously deposited sediment. Where valleys widen to several hundred meters, older
gravel terraces are usually preserved; for example, at Bakers Park where the town of Silverton is located,
along upper Mineral Creek (sites 13-14, fig. 1), and in selected reaches of the Animas Canyon between
Silverton and Durango. Historical evidence of the age of these elevated remnant terrace deposits can be
deduced from a study of the overbank deposits resulting from the Gladstone storm of October 5, 1911, the
largest historic flood on record in the upper Animas River watershed. The Gladstone storm reworked existing
alluvial channel sediment and deposited overbank sediments on midstream bars and new floodplain deposits
at elevations less than two meters above the active floodplain in several localities in the upper Animas River
watershed (Pruess, 1996). Thus, terraces elevated more than two meters above the active floodplain are both
prehistorical in age and would not be contaminated by flood transported tailings and mine wastes.

Human impact on the floodplain in the Animas River watershed has been significant, particularly on the
active floodplain. It is estimated from the geomorphic mapping studies that eighty to ninety percent of the
entire channel length of the Animas River has been altered in some way by human activity (Blair, 1998). The
floodplain between Howardsville and Eureka has been impacted directly as shown by the dramatic change in
aggradation at the trench site (fig. 1, site 3) below Eureka (Vincent et al. 1999). A great -deal of sediment
movement over the past 130 years occurred as a result of milling at Eureka between 1900 and 1930.
Aggradation in the braided section of the Animas River has raised the base of the streambed by about one
meter, obliterating the pre-mining stream morphology, destroying the willow carrs that provide bank stability
and riparian habitat (Vincent et al. 1999) and destroying the winter aquatic habitat (Milhous, 1999).

Another example of human impact on the active floodplain occurred due to aggressive stoping at the
Sunnyside Mine beneath an alpine lake in 1978. This activity resulted in collapse of the mine roof and lake
floor into the mine, draining the water from Lake Emma into the Sunnyside Mine (Bird, 1999). The flush of
sediment-laden waters from the Gladstone portal down Cement Creek coated the entire active floodplain with
sediment. Deposits from this event can be found on gravel terraces that are generally one to two feet above
the active flood plain of Cement Creek.

METHODS

Field Sampling Methods

Using the geomorphological maps to guide our field sampling, we walked the segments of the river channels
where pre-mining sediments might be preserved in old terrace deposits and sampled them at a number of sites
in the watershed. Sample localities above the confluence of the Animas River with Mineral Creek are shown
schematically on fig. 1 and below Silverton on fig. 2. Terrace deposits were also sampled at several sites in
the Animas Canyon, usually at sites in abandoned channels between Silverton and Bakers Bridge, about 25
km upstream from Durango Colorado. Whenever possible, terrace deposits were sampled beneath old large
trees (generally Engelmann Spruce). The trees were cored if live, or sampled if dead, for dendrochronological
determination of the minimum age of the terrace deposits. Historical photographs, records, or other
documents were also used to determine the minimum age of the terrace deposits (table 1).

The terrace deposits are generally composed of poorly sorted fluvial gravels containing lithic clasts
ranging in size up to 30 cm in diameter. Because no discernable stratigraphy was preserved, sections were
sampled in 15 to 30 cm intervals throughout the exposed section. We dug back into the terrace deposit at least
20 cm, carefully removing any materials that might have been deposited on the surface of the bank by
historical flood deposits that might result in sample contamination of the pre-mining gravel deposits even
though we were confident that we were sampling above the stage of all historical floods. At some sites, it was
necessary to sample terrace gravels at lower elevations. Here, the material on the tops of the banks was also
removed unless covered by a well-developed soil horizon to prevent contamination by recently deposited
gravels and silts on top of the gravel banks. Metal contamination from historical mining activities was readily
shown at many of these sites in the lower terraces and these data were not used to determine the pre-mining
baseline. A minimum of three samples at each site was usually taken to provide some statistical measure of
precision. Where the analytical results were not consistent between samples collected at the same site, the
results were not used to determine the pre-mining geochemical baseline. The gravel samples were sieved in
the field to pass a 2-mm stainless steel screen, and sent to the laboratory for further processing. In the
laboratory the samples were air died and sieved to pass 100 mesh (<150 micrometers), and split in the same
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manner as the stream sediments studied by Church et al. (1997). The sample material analyzed constitutes the
very fine sand, silt, and clay-fractions of the pre-mining fluvial sediments.

Below Bakers Bridge, the Animas River is a meandering river with numerous oxbow lakes. We sampled
the fluvial deposits in these oxbow lakes, one of which was active circa 1896 just north .of the town of
Durango in what was known at the tumn of the century as the town of Animas City (S-21, shown in the
historical photographs by Whitman Cross, in Atwood and Mather, 1932, plate 25; U.S. Geological Survey,
1898). Five-cm diameter cores of fluvial sediments up to depths of three meters were taken from these oxbow
lakes. The cores were subdivided into subsamples along stratigraphic boundaries for analysis. Sandy layers
were sieved as described above prior to chemical analysis.

Analytical Methods

Samples from the cores and stratigraphic intervals sampled in the gravels were analyzed using two different
digestion procedures: a mixed-acid total digestion and a weak partial-dissolution extraction. Both were
analyzed by inductively-coupled plasma atomic emission spectroscopy (ICP-AES; D.L. Fey, unpub. data,
1997-1999).

The total digestion procedure utilizes a combination of HCl, HNO,, HCIO,, and HF acids applied to 0.2 g
of sample (Briggs, 1996). The method is very effective in dissolving sulfide, oxide, and most silicate
minerals. The resulting solution was analyzed for 40 elements using ICP-AES. Laboratory duplicates were
analyzed to assess precision, and three standard reference materials (SRM’s) were analyzed with each set of
samples to assess accuracy. The reference materials were NIST-2704, NIST-2709 and NIST-2711, available
from the National Institute of Standards and Technology (NIST, 1993a, 1993b, and 1993c).

Geochemical data from partial digestions can be quite informative in the study of the release metals
bound within different mineral phases (Chao, 1984). Bed sediments can be enriched with metals- released
during weathering, or the grain surfaces may be coated by iron- and manganese-oxides associated with acidic
drainage. We used a warm-acid leach-(2M HCI-1%H,0, at 50°C) to dissolve hydrous amorphous iron- and
‘manganese-oxides or sediment-coatings containing sorbed metals (see appendix II and III in Church et al.
1993). In this procedure, a 2-g sample is gently agitated and leached with 15 ml of the solution for three
hours, centrifuged, and analyzed for 35 elements by ICP-AES. Replicates and the same reference materials
were also analyzed with each sample set to assess analytical quality and reproducibility. Results from the
leach digestion indicate the portion of the metals that are associated with the colloidal phase of the sediments.

RESULTS

Geochemical data from total digestions of 128 samples from the 21 pre-mining geochemical baseline sites are
summarized in table 1. Comparisons can be made with trace-element values determined from modern bed
sediments and the 21 pre-mining geochemical baseline sites from the same localities. Enrichment factors
were calculated by dividing the concentraton measured for the trace-element in modern sediments by the
concentration measured for the trace-element in the pre-mining sediment at that site from the total digestion
data (table 1). Enrichment factors for arsenic range from about 1 to 6.3 and average 1.5, enrichment factors
for copper range from about 1 to 15 and average 4.5, enrichment factors for lead range from about 1 to 26
and average 6.8, and enrichment factors for zinc range from 1.6 to 16 and average 7. Cadmium and silver are
also enriched (table 1), but average values cannot be determined because the concentrations for these two
metals in the pre-mining bed sediments often were below the limit of detection. Geochemical data for the
Animas River are shown in figure 3 for copper, figure 4 for lead, and figure 5 for zinc. Zero on the x-axis
scale for figs. 3-5 is not defined; the confluence of Mineral Creek and the Animas River was assigned an
arbitrary value of 25 km. Diagrams for arsenic show similar behavior as lead in the Mineral Creek drainage.
Abundances of metals determined in modern bed sediments from tributary streams are also plotted in the
figures for comparison with the pre-mining geochemical baseline. Some terrace gravels plot below the pre-
mining geochemical baseline; these sites appear to be dominated by alluvium from a particular tributary
rather than from the Animas River and are not included in table 1. Many of the tributary streams in the
mining district have prospect pits or historical mines in the watersheds, but some do not. Trace-element
concentrations in bed sediments from tributaries in the upper Animas River watershed having little or no
historical mining activity are very comparable to the pre-mining geochemical baseline concentrations
determined from the pre-mining sand and gravel deposits preserved in the terraces and confirm the pre-
mining baseline determined from the pre-mining terrace gravels above Silverton. South of site S-7, historical
mining activity has had a minimal impact on metal concentrations in the tributary stream drainages as only a
few small prospects occur outside the Silverton caldera.

The pH of stream waters greatly affects the capacity of a stream to carry metals in the dissolved phase.
Sorbtion of trace elements onto iron colliods and transport as suspended sediments which eventually
precipitate out to become part of the bed sediment load (Smith et al. 1992) occurs when the pH of the stream
is abave about 4, whereas aluminum colloids will form above a pH of about 5. This transport phenomenon
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greatly impacts the transport of metals in acidic stream waters affected by mining (Church et al. 1997). The
relative contributions of metals in bed sediments from each of the three stream reaches in the Animas River
watershed above Silverton (fig. 1) can be estimated by comparing the data in table 1. There is a substantial
increase in the concentrations of copper, lead, and zinc in modern bed sediments that is directly attributable
to historical mining activity in the watershed of the upper Animas River. On the basis of the five samples
from the sites on the upper Animas River (S-1 to S-3, S-5 and S-6; fig. 1), the concentrations of lead in bed-
sediments today has been increased at least by a factor of five over that in the pre-mining bed sediments, the
concentrations of zinc in bed sediments today has increased by a factor of six, and the concentrations of
copper in bed sediments today has increased by a factor of four. The pH of water in much of the upper
Animas River was probably higher than the 6.6 measured at low flow (Church et al. 1997).

In contrast, the pH of water in Cement Creek today during low flow was 3.8 at site S-8 (fig. 1) at the
confluence with the upper Animas River and a substantial component of the total metal load is carried in the
dissolved phase or in the colloidal phase (Kimball et al. 1999; Schemel et al. 1999; Church et al. 1997). The
large amount of metals in the bed sediments contributed by Cement Creek is largely due to the deposition of
colloids formed in the mixing zone below the confluence of Cement Creek with the Animas River. Site S-9
(fig. 1) is a terrace deposit formed after the breakout of an old lake formed by damming of Cement Creek.
Radiocarbon dates of the peats formed in this lake range from 700 to 2,500 years B.P. Copper, lead, and
especially zinc concentrations are substantially enriched in bed sediments today at the same location relative
to pre-mining geochemical baseline values obtained from the gravels in this terrace deposit.

The pH of water in Mineral Creek today at the confluence with the Animas River was 6.4 during low
flow at S-11 (Church et al. 1997). Copper, lead, zinc, and especially arsenic are enriched in modem bed
sediments at the headwaters of Mineral Creek (fig. 1; S-13 and S-14). The source of the high arsenic is
tetrahedrite and arsenopyrite in chimney deposits in the headwaters of Mineral Creek (Burbank et al. 1972;
table 1, S-13 and S-14). The concentrations of metals in the bed-sediment are substantially diluted by the
time they reach the confluence with the South Fork of Mineral Creek (fig. 1, S-11) with enrichment factors of
1.5 to 2 for copper, lead, and zinc, and a factor of about 5 for arsenic (table 1).

The Animas Canyon reach (about 50 km in length) is a steep-walled canyon cut in unmineralized pre-
Cambrian rock. We were able to find isolated gravel terraces in abandoned river channels in several places
where the Animas Canyon widens. In some places, the abandoned streambed is more than one meter above
the low-flow water level of the Animas River in the Animas Canyon. Pre-mining terrace gravel deposits are
often more than two meters above the low-flow water level. The pH of the water in the Animas River today
at low flow varied from 6.6 at S-7, 7.9 at Bakers Bridge (S-19), and 7.5 at Durango (S-21, fig. 2). Copper and
zinc are sorbed to the colloidal phase during transport in the Animas Canyon reach and are transferred to the
bed-sediment load, settling out from the suspended colloidal load in slow moving stream reaches (Church et
al. 1997). Enrichment of copper ranges from 6 to 9, lead from 7 to 10, and zinc from 4 to 16 relative to bed-
sediment loads prior to historical mining activity. Modern bed sediments from tributary streams in this reach
largely drain the pre-Cambrian rocks and metal concentrations in bed sediments from these tributaries are
near average crustal abundance levels (Church et al. 1997). There is little dilution of the metal concentrations
in the bed sediments of the Animas River by sediments locally derived in the Animas Canyon reach.

In the reach below Bakers Bridge to Durango, the Animas River is a meandering river with a well-
developed floodplain containing many old oxbow lakes (USGS, 1898). The gradient of the Animas River in
this reach is much lower than in the Animas Canyon (Church et al. 1997), and metal enrichment factors in
bed sediments today range from 2.5 to 4.5 for copper, 5 to 16 for lead, and 8 to 10.7 for zinc. Tributary
streams drain areas underlain by Paleozoic and Mesozoic sedimentary rocks. Four oxbow lakes of at least
three different ages were sampled at one site immediately above Durango, Colorado (S-21, fig. 2). The
stratigraphic section from the youngest oxbow lake contains fluvial sediments that have elevated
concentrations of Ag, As, Cd, Cu, Pb, and Zn resulting from the transport and deposition of fluvial tailings in
the Animas River, whereas the stratigraphic sections sampled in the older oxbow lakes at this site contain
metal concentrations at or near crustal-abundance levels. South of Durango, at about 135 river km (figs. 3-5),
the Florida River enters the Animas River bringing a large sediment load that reduces the metal
concentrations in the bed sediments of the Animas River by a factor of two (Church et al. 1997). The Florida
River largely drains a large geographic area underlain by unmineralized Tertiary sedimentary rocks that are
readily eroded (Tweto, 1979).

Pre-Mining Geochemical Baseline

The pre-mining geochemical baseline in bed sediments in the area of the Animas River watershed north of
Silverton is significantly elevated above normal crustal abundance values. Average crustal abundance values
for the metals discussed here are: Cu,, 68 ppm, Pb,, 13 ppm, Zn_, 76 ppm, As_, 1.8 ppm, Ag., 0.08 ppm, and
Cd_, 0.16 ppm (Fortescue, 1992). We infer from pre-mining geochemical baseline data summarized here that
the mineral deposits were exposed or near the surface prior to exploitation by early miners. This is confirmed
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Figure 3 Copper (Cu) distribution profile for the Animas River as a function of distance in river km.
Upper diagram shows the copper concentrations in modern sediments in the river above the
Animas Canyon reach and in some tributary streams as well as the geochemical baseline from
pre-mining terrace gravels. The lower diagram shows the impact of copper in bed sediments of
the Animas River in the Animas Canyon (25-72 km) and the mature floodplain reach below
Bakers Bridge (72-170 km). Both diagrams show the copper concentration data at the confluence
of the Animas River and Mineral Creek (S-7 at 25 river km).



10000 7

3 A

1 B a &
Py : \D\\\ND“B~-\\A~D~ a
E 4000 Ao S B
& .
ﬁ [m] L“—AH_“;
"6 [ J A A A
S 100 - e e
o ®
% Baseline

]

§ 10 o Animas River |-
(&) ] A

1 Tributaries

1 1 1 i 1 " 1 1 i L 1 i
0 5 10 15 20 25 30

Distance (km.)

10000 -

A A & & | Baseline
o O > S-S o

Animas River
Fay

Concentration of Pb (ppm)

_ Tributaries
1 L i L 1 n 1 1 1 L 1 "
25 50 75 100 125 150 175

Distance (km.)

Figure 4 Lead (Pb) distribution profile for the Animas River as a function of distance in river km.
Upper diagram shows the lead concentrations in modern sedinients in the river above the Animas
Canyon reach and in some tributary streams as well as the geochemical baseline from pre-mining
terrace gravels. The lower diagram shows the imipact of lead in bed sediments of the Animas
River in the Animas Canyon and the floodplain below Bakers Bridge. Both diagrams show the
lead concentration data at the confluence of the Animas River and Mineral Creek.

2-~10

2/



10000 - o
N T~
B T g \G\\\\A o o
£ =25
2 N
= 1000 §-rroeeees B
N 1 [ J A =0
5 - —
S N
8 L Baseline
[ a
8 Animas River
N
Tributaries
10 1 1 1 1 1 1 1 i L 1
0 5 10 15 20 25 30

Distance (km.)

10000

Bakers Bridge

Concentration of Zn (ppm)

100 -
Animas River
N
Tributaries
1 0 1 i 1 1 1 1 i i 1 1 e
25 50 75 100 125 150 175

Distance (km.)

Figure 5 Zinc (Zn) distribution profile for the Animas River as a function of distance in river km.
Upper diagram shows the zinc concentrations in modern sediments in the river above the Animas
Canyon reach and in some tributary streams as well as the geochemical baseline from pre-mining
terrace gravels. The lower diagram shows the impact of zinc in bed sediments of the Animas
River in the Animas Canyon and the mature floodplain below Bakers Bridge. Both diagrams
show the zinc concentration data at the confluence of the Animas River and Mineral Creek.

2-11

Lx



by the descriptions of the Sunnyside vein exposures (Bird, 1999). The Animas River watershed would readily
be identified today as a highly mineralized area suitable for mineral exploration had mineral development
notalready occurred. Pre-mining water quality would have been affected by weathering of these near-surface
mineral deposits, but further work is needed to quantify pre-mining water quality. Paleontological studies
have shown no evidence of a pre-mining aquatic community. However, the energy of the stream environment
represented by the pre-mining terrace gravels would not be conducive to preservation of delicate invertebrate
remains and fish scales (Church et al. 1998a).

Estimates of the uncertainity on the pre-mining baseline concentrations are diffficult to quantify. There
are three major sources of error: analytical error which can be readily determined from the analysis of the
standard reference materials, sampling error which can be measured by the least-squares fit of the data in
figures 3-5, and annual variation of the sediment distribution in the watershed which is a factor dependent
upon the climatic conditions which affect stream flow. Of these, we can make reasonable estimates of the
first two, but can only approximate the third, the climatic variability. Analytical error has been determined by
replicate analyses of three reference standards from NIST (1993a, 1993b, 1993c) over the four-year life of the
project. About fifty replicate analyses of each of the standards give relative standard deviations for copper of
5.4 t0 6.9 percent, for lead of 5.9 to 7.6 percent for concentrations in excess of 40 ppm, and of zinc from 3.0
to 4.2 percent. Analytical error for individual determinations is about the size of the symbols used in figs. 3-5
We estimate that the sampling error, based on the annual variation from replicate samples taken over the four
years of the study is about 30 percent, or five times the size of the symbols used in the figs 3-5. Pearson
regression analysis of the log of the concentration of the metals copper, lead, and zinc versus distance gives R
values of -0.68, -0.90, and -.083 respectively. These correlations are relatively good for the lead and zinc
data. The poorer correlation for copper is to be expected because these are not copper-rich deposits. Copper
concentations in pre-mining sediments above 30 km (fig. 3) are nearly flat at about 125 ppm. The linear
regression curves pass through most of the data points if one uses the estimates of sampling error, but the
analytical errors are too small to significantly affect the regression analysis. In addition, one has no apriori
reason to assume that the dispersion of metals downstream should follow a log-normal distribution,
particularily given the very different hydrologic regimes represented by the Animas River below Silverton. In
fact, the empirical evidence from the data suggest that the dispersion pattern is not log-normal because the
pre-mining bed-sediment data from the Animas Canyon plot below the regression line. For this reason, we
show the dispersion pattern above and below Silverton in two separate diagrams (figs. 3-5) and have plotted a
best-fit line through the data rather than the linear regression through the entire data set.

SUMMARY

Geomorphologic mapping of the fluvial deposits in the study area has identified numerous sites where pre-
mining bed sediments have been preserved in terrace gravel deposits. We have examined many sites for
depositional and stratigraphic relationships that typify terrace deposits that probably represent pre-mining
conditions in the watershed. We have collected and analyzed fluvial sediments from more than 50 sites plus
the trench site (site 3, fig. 1). Fluvial materials from these sites represent both pre-mining and historical bed
sediments, overbank flood deposits (both pre-mining and historical), fluvial tailings deposits from different
milling processes, pre-mining riparian habitat, and historical and currently active beaver ponds. More than
500 samples have been analyzed for total metal concentrations (D.L. Fey, unpub. data, 1998-99). We have
determined the pre-mining geochemical baseline values at 21 sites within reasonable limits of reproducibility.
Analysis of the geochemical data, when coupled with both the historical and geochronological record, clearly
shows that there has been a major impact by historical mining activities on the geochemistry of the fluvial
bed sediments. The impact of historical mining activity is recorded in the sedimentological record as shown
by the study of sediments from the trench section (fig. 1, S-3; Vincent et al. 1999). Historical mining activity
has resulted in a substantial increase in the concentrations of trace-elements associated with the mineral
deposits produced in the very fine sand to clay-sized component of the bed sediments of the upper Animas
River, and Cement and Mineral Creeks. Enrichment factors for metals in modern bed sediments, relative to
pre-mining bed sediments, range from 1 to 6.3 for arsenic, 1 to more than 10 for cadmium, 1 to about 15 for
copper, 1 to more than 25 for lead, 1 to more than 10 for silver, and 1.6 to more than 12 for zinc.

Restoration goals and objectives for the upper Animas River watershed must take into account the
evidence from the pre-mining fluvial record, which indicates that bed-sediment trace-element concentrations
were substantially lower than they are today. Furthermore, the profound changes in the ground-water
hydrology and the substantial dispersed metal source in the fluvial sediments, caused by the industry practice
of discharging mill tailings into mountain streams throughout the West prior to 1935, are environmental
impacts that have prolonged influence on the overall restoration plan for the upper Animas River watershed.
Monitoring studies that focus on the impact of removing known point sources within the upper Animas River
watershed would be required before it is feasible to determine the extent to which watershed restoration can
approach the original pre-mining bed sediment geochemical baseline.
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Distribution of Acid-Generating and Acid-Buffering Minerals in
the Animas River Watershed as Determined by AVIRIS
Spectroscopy

J. Brad Dalton, Trude V.V. King, Dana J. Bove, Raymond F. Kokaly, Roger N. Clark, J. Sam Vance
and Gregg A. Swayze '

ABSTRACT

Visible-wavelength and near-infrared multispectral image cubes for the Animas River Watershed from
Hermosa, Colorado to the headwaters at Animas Forks, Colorado were acquired on June 18, 1996 using the
Jet Propulsion Laboratory’s AVIRIS (Airborne Visible and InfraRed Imaging Spectrometer) instrument (Green .
et al., 1998). These image cubes have been analyzed using the USGS Tetracorder V3.4 implementation (Clark
et al., 1995), an expert system which utilizes a database of more than 300 laboratory spectra of endmember
minerals and mineral mixtures to generate maps of mineralogy, vegetation coverage, and other material ..
distributions. Major iron-bearing, clay, carbonate; and other minerals were identified along with several
minerals associated with acid-generating hydrothermal systems including pyrite, jarosite, alunite and goethite.
Additionally, distributions of alkaline minerals such as calcite and chlorite indicate a relation between acid-
buffering assemblages and stream geochemistry within the watershed.

INTRODUCTION

The Animas River Watershed is the site of a coordinated effort by several federal, state and local agencies
to characterize the extent and severity of environmental effects from acid mine water drainage. This water
originates both from numerous abandoned mine sites that date back up to a century or more, and from
extensive areas of natural altered and mineralized outcrops. The headwaters of the Animas River are within
the San Juan and Silverton volcanic calderas, which were responsible for creating large fractures and faults
suitable for later mineralization. As part of the Abandoned Mine Lands (AML) Project of the United States
Geological Survey (USGS), AVIRIS data were obtained over the San-Juan Mountains and Animas-Watershed
and are being used in conjunction with field geologic mapping, geochemistry and geophysics to. determine
the relative extent of natural and anthropogenic sources of acid water runoff, and their effect en water quality.

THE AVIRIS DATASET

The Animas Basin AVIRIS data set is comprised of 14 AVIRIS scenes, approximately 10.5 km x 8 km
apiece, extending from Hermosa, Colorado to the headwaters of the Animas River north of Silverton, near
the ghost town of Animas Forks. The 224 spectral channels cover a range from .37 to 2.51 pm, encompassing
visible and near-infrared wavelengths suitable for- mapping a wide variety of vegetation and minerals,
including but not limited to the hydrothermally altered rocks of relevance to the San Juan Mountains. The 14
scenes are arranged in two overlapping lines parallel to and bounding the Animas river as it flows from its
headwaters toward Durango, Colorado. This includes most of the Silverton caldera which is situated within
the watershed. The data were acquired under cloud-free late morning conditions on June 18, 1996 in a 17-
minute data collection pass. While yearly precipitation is normally quite high in the San Juan Mountains, the
resulting thick vegetation still leaves significant outcrops of exposed rock available for analysis; in addition,
at the time of acquisition of this dataset, the snowpack was greatly reduced due to melting.

! U.S. Geological Survey, Mail Stop 973, Box 25046, Denver Federal Center, Denver, Colorado 80225
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REGIONAL GEOLOGY AND MINING ACTIVITY

The Animas watershed is located in the western part of the mid-late Tertiary age San Juan volcanic field
(Lipman et al., 1976; Bove et al., in press). The local geology is largely comprised of lavas and related
volcanic rocks associated with the San Juan caldera and the younger Silverton caldera (Steven and Lipman,
1976). Collapse of these calderas created ring fractures which provided conduits for later episodes of intense
hydrothermal alteration and mineralization associated with dacitic to rhyolitic intrusion (Casadevall and
Ohmoto, 1977; Lipman et al., 1976). More recent geologic activity has been dominated by uplifts during the
Neogene (Steven et al., 1995), followed by down-cutting and the formation of the Animas River and its
tributaries, with brief episodes of sediment deposition. Gold was discovered in the San Juan Mountains in
1871 and upwards of a thousand mining claims were staked in the upper Animas River above Silverton within
the next two decades. The Denver and Rio Grande railroad was extended from Durango to Silverton in 1882
and ore production continued at various levels until 1991 when the Sunnyside Mine directly upstream from
Silverton was closed (Church et al., 1997). Remediation of private holdings in the region continues today, and
the AML project is partly concemned with evaluating remediation needs of the area, including the thousands
of abandoned prospects and mines on both federal and private properties.

MINERAL MAPPING PROCEDURES

The AVIRIS data for the Animas Watershed were converted to apparent surface reflectance using the radiative
transfer methods of ATREM (Gao et al,, 1993; Gao et al., 1997) followed by calibration to ground reflectance
using a path radiance correction (Clark et al., 1993a). The reflectance data were then analyzed using
Tetracorder (Clark et al., 1990, 1991, 19935, 1995), testing for the presence of over 300 minerals, mineral
mixtures, water, vegetation, and other materials of interest. The-most significant materials detected-were then
assembled into color-coded mineral maps. For this investigation attention focused on the pyrite weathering
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Figure 1 Infrared spectra of primary pyrite weathering products jarosite, goethite, and hematite. Each
has a strong Fe absorption centered near .8 pm (arrows.) Due to changes in crystal structure, each
mineral exhibits different band positions, strengths, and shapes. Note also that jaresite has a distinctive
absorption in the 2.3 pm range that is useful for discrimination.
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sequence, wherein pyrite weathers to jarosite, which in turn weathers to goethite, and then hematite. Pyrite
oxidation is the primary source of mining-related acidic runoff because sulfuric acid (H,SO,) is a product of
this weathering reaction (Swayze et al., 1996). Pyrite itself is difficult to detect directly using AVIRIS because
of its extremely low reflectance; however its oxidation products are spectrally bright and have strong 1-pm
absorptions due to Fe** in the matrix. Infrared spectra of the pyrite weathering sequence minerals (Figure 1)
show a broad Fe* absorption band centered near 0.8 ym. The exact center of this band (arrows) and its shape
are different for jarosite, hematite, and goethite, allowing them to be mapped by the Tetracorder algorithm.
Jarosite can be further differentiated by a strong absorption near 2.3 microns. These minerals are abundant
in intensely mineralized regions such as in the Red Mountain area (see Bove et al., this volume) north of the
Silverton mining district, and elsewhere throughout the watershed. Mine tailings in the San Juan Mountains
are typically weathered to jarosite and goethite, and the surface expressions of these minerals readily pinpoint
mines and prospects in the AVIRIS scenes. The oxidation process can create distinctive patterns such as bull’s
eyes of mineral zones on waste rock piles (Swayze et al., 1996). Creeks carrying runoff from tailings piles
and mineralized outcrops may have pH values as low as 1.8, and this high acidity level enables these streams
to carry high concentrations of trace metals (Church et al., 1997) such as zinc, copper, cadmium, arsenic, and
lead. Stream beds and banks typically display thick rinds of precipitated iron oxide materials, which also are
quite evident in the Tetracorder-processed AVIRIS mineral maps.

For this study, the AVIRIS data were analyzed in two separate groups based on spectral range. The
Group 1 minerals were those with strong absorptions in the 1 pm wavelength range, such as the pyrite
sequence, and other iron-bearing minerals. The Group 2 minerals similarly have their most distinct signatures
in the 2 pm wavelength range. This group includes most clay minerals, as well as chlorites, epidote,
carbonates, and muscovites. Figures 2 and 3 display the preliminary mineral maps for an AVIRIS scene which
encompasses the town of Silverton. Although Tetracorder in its current implementation can identify over 300
different materials, only a relative few were considered relevant to this paper. The dominant material in each
17.5 m AVIRIS pixel was selected by Tetracorder on the basis of a least squares comparison of absorption
features in the AVIRIS data to those in the reference library. Each map includes a subset of the minerals
considered by Tetracorder; black regions in images correspond to unmapped pixels or materials not under
consideration, such as snow cover, minor mineral phases, or the vegetation cover which is prevalent in the
Animas Basin.The Silvberton strect grid is expressed by the distribution of mineral signatures near the left
center of the images. The Animas River enters the scene from the top right and meanders past the town before
exiting on the lower right. Cement Creck and Mineral Creek enter the image from the left; Cement Creek is
above the town to the northwest and Mineral Creek below. A typical outcrop of goethite and jarosite was
mapped just west of the town and north of Mineral Creek. Although located on a steep slope, the bull’s eye
pattern (jarosite at the center, goethite surrounding) indicative of pyrite weathering can be clearly
distinguished. Such outcrops are major sources of acidic runoff. In the Group 2 map (Figure 3) this-location
is also characterized by a significant concentration of alunites, another indication of the hydrothermal
alteration responsible for local ore formation. In this case, the outcrops are related to abandoned mine adits,
but significant natural occurences are also widespread elsewhere in the watershed. In the bottom left of both
maps, a series of sedimentary outcrops are highlighted; these outcrops are outside the caldera and are
composed primarily of limestones, and are mapped by Tetracorder as calcite. :

CALCITE, EPIDOTE AND CHLORITE ASSEMBLAGES
Recent work has shown that carbonate minerals in the San Juan Mountains may play an important role in the
buffering of acidic stream waters, reducing metal concentrations and carrying capacities (Church et al., 1997;

- Bove et al., this volume). Galcite occurs in the San Juan Mountains both as sedimentary limestone, and as -

alteration products of primary minerals within volcanic rocks. While calcite within propylitically altered rocks
may have a reduced role due to limited availability for buffering reactions (Runnels and Rampe, 1989), the
importance of calcite in buffering reactions has been established for limestones (ibid.). Magnesium-bearing
chlorites such as clinochlore may also provide some level of buffering of acidic stream reaches, however this
has not yet been fully quantified (Desborough et al., 1998; Kwang and Ferguson, 1997). Calcite has been
identified and mapped in the Animas River watershed using imaging spectroscopy methods, and its presence
in particular stream reaches correlates with increased pH levels and attendant lowered-dissolved trace metal
concentrations (Church et al., 1997). Unequivocal identification of calcite in the AVIRIS data is complicated
by the spectral absorption bands of epidote and chlorite which overlap the 2.3-um diagnostic calcite
absorption. Calcite-epidote-chlorite-bearing lavas are widely distributed in the western San Juan Mountains.
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Sample infrared spectra for calcite, chlorite, and epidote are shown in Figure 4. The diagnostic absorption
bands for each of these minerals are centered near 2.3 pm, and are difficult to distinguish from one another.
Based on shapes and band positions, the Tetracorder algorithm can separate the three end members; however
when they occur as a fine-grained mixture the individual absorptions combine in nonlinear ways to produce
a new absorption spectrum. During the 1998 field season, over 150 samples of calcite-epidote-chlorite lavas
were collected in the Animas Basin, and work is now underway to incorporate the complex spectral behavior
of these mixtures into the Tetracorder analysis database. The lower spectrum in Figure 4 is of one such
sample, a mixture of all three minerals in a finely-grained propylitic lava rock from the Burns formation.
Using the full spectral resolution of the AVIRIS instrument, the Tetracorder mapping technique should be able
to use such information to define the calcite, epidote and chlorite concentrations in the basin. Areas presently
mapped as simply calcite-epidote-chlorite in Figures 3 and 6 will ideally be separated into groups dominated
by one of the three minerals, enabling a more accurate assessment of acid-buffering potential. Defining the
extent of this buffering capability, however, and improved mapping of these lavas, is an ongoing aspect of
our current work.
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Figure 4 Infrared spectra of calcite, epidote, and chlorite, along with the spectrum of sample SJ98-
74D, which is a rock comprising a fine-grained mixture of all three in a propylitically altered
matrix.

PRELIMINARY AVIRIS MINERAL MAPPING RESULTS

According to Figure 5 (color section), pyrite-weathering products are abundant in the mountains surrounding
the town of Silverton; particularly to the north and west, where hydrothermal activity was more intense.
Below the confluence of Cement Creek and the Upper Animas, amorphous iron hydroxides have precipitated
from the stream and deposited along the river margins. This is due to an increase in the pH in the river: the
highly acidic water of Cement Creek is diluted by the more neutral waters of the Upper Animas. Although
acid-generating minerals are evident throughout the upper portion of the scene, Figure 6 (color section) reveals
a much higher concentration of calcite-epidote-chlorite assemblages along the Upper Animas. Aqueous
geochemistry has demonstrated (Church et al., 1999) that stream pH is indeed higher along several tributaries
to the Upper Animas where these buffering assemblages occur. Along lower stretches of the Animas, water
quality continues to improve, especially after the section near Molas Lake (Figure 6, lower left) which
contains abundant sedimentary limestone beds, mapped as calcite in Figure 6 and confirmed during the 1998
field season. The absence of buffering mineral assemblages along Mineral and Cement Creeks is one factor
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contributing to their high metal loads. More accurate discrimination between the caicite, epidote and
chlorite constituents will play an important role in assessing the natural and artificial factors influencing
stream water quality.

CONCLUSION
Mineral mapping via imaging spectroscopy, as performed using the AVIRIS instrument and USGS Tetracorder
algorithm, provides a powerful technique for locating sources of acidic and acid-buffering drainage of either
natural or anthropogenic origin. Diagnostic features in absorption spectra of pyrite weathering products
provide for accurate identification. Acid-buffering minerals such as calcite and chlorite are also distinguishable
in AVIRIS spectra, and work is underway to more accurately characterize them in their host phases and in
combination with each other. Field studies have confirmed the presence of all the mineralogies presented in
this study, and geochemistry studies within the basin corroborate the findings and indicate a strong link
between acid-buffering assemblages and water quality. This approach will be extremely useful to property
owners interested in assessing and remediating lands affected by acidic drainage.

This preliminary study, appropriate images, follow-on studies and related research can be found at
our web site: http://speclab.cr.usgs.gov.
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Comparison of Two Leach Procedures Applied to Metal-Mining
Related Wastes in Colorado and Montana and a Relative
Ranking Method for Mine Wastes

David L. Fey, George A. Desborough, and Stanley E. Church

ABSTRACT

About 100 mine-waste dumps from past metal exploration and mining in Colorado and Montana were
sampled using surficial-sampling methods for laboratory studies of the minus-2-mm fraction. In the
laboratory, the composite samples were split into 100g samples that were leached to assess their acid-
generation potential and associated release of potentially toxic metals that may degrade water-quality in the
headwaters of the Animas River watershed in Colorado and the Boulder River watershed in Montana. Two
leach methods were studied: a passive leach using de-ionized water, and a more aggressive leach following—
the EPA-1312 method.

The resulting pH values of the leachates using both methods are comparable. The concentrations of -
sulfate and several, but not all, dissolved or water-soluble metals are higher in the EPA-1312 leachates than in
the passive leachates; however, the overall trends of the data are very similar. The passive leach method is less
labor intensive and may be more representative of the natural weathering process occurring on the mine-waste
dumps, simulating the natural precipitation and snowmelt.

Three chemical characteristics of mine wastes studied here provide a relative ranking of mine-waste
dumps for the purpose of determining priority for removal or remediation. These characteristics are: net acid
production (NAP), sum of dissolved toxic metals (ZAs+Cd+Cu+Pb+Zn), and dissolved iron in leachates.
Ranking can be done evaluating plots of NAP versus the sum of dissolved toxic metals, and NAP versus
dissolved iron. These two plots serve as a basis for relative ranking of polymetallic-vein and acid-sulfate mine .
wastes studied. This ranking scheme may apply to mine wastes from production of other deposit types in other
watersheds.

INTRODUCTION

The objective of this study was to determine the bulk metal concentrations, acid-generating capacities, and
water-soluble or dissolved metal concentrations for 106 samples of inactive metal-mine-waste dumps in
Colorado and Montana. These data should aid in the assessment of discrete point sources causing water-
quality degradation and potential remediation strategies for mine wastes.

This study is part of the Abandoned Mine Lands (AML) Initiative described by Buxton et al. (1997). The
AML initiative develops multidisciplinary scientific methods to improve the understanding of potentially
degrading effects of metal-mine wastes and associated mine drainage waters on riparian habitat and aquatic
wildlife. Mine-waste dumps were sampled in two AML pilot study areas, the Animas River watershed in
southwestern Colorado and the Boulder River watershed in western Montana. The wastes sampled in
Colorado are located in the upper Animas basin near Silverton, in San Juan County. This area receives about
100-12S cm (40-50 in) of precipitation annually, most of it as snowfall. Elevations range from about 3,100 to
4,600 m (9,200~13,800 ft) above mean sea Ievel (Buxton et al., 1997). The study area in western Montana is
about 30 km (20 miles) south-southwest of Helena. It includes several tributary drainages in the headwaters
of the Boulder River, near Boulder, in northern Jefferson County. This area receives about 35-75 cm (14-30
in) of precipitation annually, also mostly as snowfall. Elevations range from about 1,600-3,000 m

U.S. Geological Survey, Federal Center, Denver, CO 80225-0046
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(4,900-8,800 ft) above mean sea level (Buxton et al., 1997). The primary fish in both areas is trout. The mean
pH for precipitation in 1997 for the Colorado study arca was 4.9; the mean pH for precipitation in 1997 in the
Montana study arca was 5.1. (National Atmospheric Deposition Program (NRSP-3)/National Trends
Network, 1999).

Desborough and Fey (1997) reported preliminary mineralogical, acid-generating, and leaching
characteristics for mine wastes in the Boulder, Montana study area. They ranked mine wastes according to
their acid-gencrating potential, soluble toxic-metal concentrations, and size. These wastes are from
polymetallic-vein deposits which typically contain pyrite, arsenopyrite, galena, and sphalerite as the dominant
sulfide minerals.

Approximately 90% of the Animas basin mine wastes are from polymetallic-vein deposits containing
pyrite, galena, and sphalerite as the dominant primary sulfide minerals. The other Animas mine wastes are
from pyrite-cnargite-chalcocite-covellite ores hosted in acid sulfate-altered rocks and have higher copper and
arsenic concentrations than the polymetallic vein mine wastes (D.L. Fey and J.T. Nash, U.S. Geological
Survey, unpublished data). Nash (1999a, 1999b) described some of the characteristics of many mine-waste
dumps in the Animas River study area. He prioritized remediation of these mine wastes in terms of the pH of
passive leach solutions, soluble toxic-metal concentrations, size, and other factors including proximity to
roads and streams, and presence of water running through or across the wastes.

The present study focuses on chemical characteristics that may be useful for ranking mine wastes with
respect to long-term acid-gencration potential, water-soluble acidity, and toxic-metal mobility. As these data
could be used to assess whether the mine-waste dumps should be removed, rigorous field sampling and
laboratory methods were applied in this study.

SAMPLE COLLECTION AND PREPARATION

Samples were taken from the waste dumps of 19 inactive mines in the Boulder River study area and from 87
inactive mines in the upper Animas River study arca. Material was collected from 30 or more cells across the
top and sides of the dump to a depth of about 5 cm using four to six randomly selected 50-80g scoops. This
matcrial was passed through 2 2 mm screen to remove coarse material because the minus-2 mm fraction was
deemed to be the most reactive to water in short-term exposures. The resulting composite sample typically
contained 1 to 2 kg of mine-waste dump material (Desborough and Fey, 1997, Nash, 1999a, 1999b).

In the laboratory, samples were dried at 40°C, split using a Jones splitter, and recombined several times

to achieve thorough mixing. Splits from the homogenized material were made for: 1) ICP-AES total element
analyses, 2) EPA-1312 leach test, 3) passive leach test, and 4) net acid production (NAP). Splits for the passive
leach and the EPA-1312 leach did not require further preparation; splits for total-clément analyses and for
NAP measurements were ground in a vertical pulverizer with ceramic plates to minus-200-mesh (75 microns).

ANALYTICAL METHODS

Total Element Digestion Method

A 0.2 gram portion of minus-200-mesh material was subjected to a mixed-acid total digestion using HCI,
HNO,, HCIO, and HF acids (Briggs, 1996). The resulting solution was analyzed for 40 clements, using
inductively coupled-plasma atomic emission spectroscopy (ICP-AES). This digestion is very effective in
dissolving sulfides and most silicates and oxides.

EPA-1312 Leach Method (Synthetic Precipitation Leach Procedure-SPLP)

A 100-gram sample of mine waste was placed in a 2.3L polycthylene bottle. Two liters of an extract solution
were added, resulting in a 1:20 sample/extract ratio, with 300 cc of head space. The SPLP method mandates
that an extract solution with pH of 4.2 be used on soils from cast of the Mississippi River, and a solution with
pH of 5.0 be used on soils from west of the Mississippi River, and the more acidic pH 4.2 solution be used on
mine-waste material. Since all of our samples were mine wastes, we used the pH 4.2 extract solution. The
extract solution was made from de-ionized water acidified with a 1% solution of 60/40 H,SO,/HNO,. The
capped bottles were placed on an end-over-cnd rotating agitator at 30 rpm for 18 hours. The leachates were
then pressure-filtered through a 142 mm diameter-0.7 micron glass-fiber filter. (U.S.-EPA, 1986). A 100 ml
aliquot of filtered solution was acidified with 6 drops of ultra-pure HNO, for analysis by ICP-AES for 24
clements (Briggs and Fey, 1996) and for sulfate by ICP as sulfur. Conductivity and pH were determined on
the bulk filtered leachate.

-2



Passive Leach Method

A 100-gram sample was exposed to 2L of laboratory de-ionized water (pH of 5.0 + 0.2) in an open 4L beaker.
Samples were left at rest for one hour, and then gently stirred for five seconds to prevent stratification of the
leachate. The pH of .the leachate was measured after 24 hours and then a 60 ml sample of the leachate was
filtered through a Gelman 0.45 micron filter using a disposable 60 ml syringe (Desborough and Fey, 1997),
acidified with 6 drops of ultra-pure HNO,, and refrigerated prior to analysis by inductively coupled plasma-
mass spectroscopy (ICP-MS) by a commercial laboratory.

Net Acid Production Method

A 1.0 gram sample of pulverized, minus-200-mesh material was digested with 30% hydrogen peroxide to
oxidize pyrite and arsenopyrite, thereby producing sulfuric acid (Lapakko and Lawrence, 1993). This acidic
solution reacted with the bulk of the mine-waste sample, released additional acidity from water-soluble iron
sulfates, and reacted with mincrals that consume acid, such as carbonates and some non-carbonate minerals
such as biotite, chlorite and epidote. The solutions were heated for 1 hour, cooled, and filtered. The acidic
filtrate was then titrated to a pH of 7 with 0.1M NaOH. A calculated net acid production (NAP) is expressed
in terms of kg-equivalent CaCO, per metric ton of mine waste. This NAP is meant to represent the long term
or total potential of a mine waste to produce acid over an unspecified time period of weathering of the mine-
waste dump.

EPA-1312 LEACH COMPARED TO PASSIVE LEACH RESULTS
We applicd the EPA-1312 leach method and the passive leach method to separate splits of all of the mine-
waste samples. The purpose of using the EPA-1312 method was to assess short-term acid release and
solubility of toxic metals, and to compare those attributes with the conductivity, total acidity, and soluble
sulfate. The purpose of using the passive leach was to evaluate the effectiveness of this less labor-intensive
method compared to the EPA-1312 method. We suggest that the passive leach more closely simulates
processes occurring at the surface of waste piles exposed to rainwater and snowmelt runoff.

The final pH valucs in leachates from both methods show remarkable agreement (Fig. 1). The data points
that plot above the 1:1 line are thought to be due to liberation of buffering minerals (e.g. calcite) in the

tumbling process of the EPA-1312 method. Four of the mine-waste samples that plot above the 1:1 line have

pH values >6.5 and contain calcite or dolomite as detected by X-ray diffraction (Fig. 1).

The main difference between the two leach methods is the vigorous and continuous mixing of leachate
with sample in the EPA-1312 method that results in higher concentrations of weak-acid-soluble metals. The
tumbling action of the EPA-1312 method probably results in a reduction in grain size of the waste material.
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Figure 1 Comparison of the measured pH of the leachates from the EPA-1312 and passive leach
methods. The diagonal line represents the ideal 1:1 correspondence. Mineral deposit types from the
Animas and Boulder watershed are shown using different symbols.
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Figure 2 Comparison of the concentration of copper (ppb) in leachates from the EPA-1312 and passive
leach methods. The EPA-1312 leach is more effective in extracting weak-acid-soluble copper from the
mine wastes. The diagonal line represents the ideal 1:1 correspondence.

Leinz et al. (this volume) showed that samples with smaller grain sizes generally produce leachates with
higher dissolved metal concentrations. Comparison between the methods for copper (Fig. 2) shows good
correlation of results from both leach procedures, with a distinct bias towards higher concentrations in the
EPA-1312 leachate. Other elements such as calcium, manganese,; magnesium, strontium, and aluminum show
a similar bias towards higher concentrations in the EPA-1312 leachates. Environméntally important elements
such as cadmium and zinc also show good correlations between data from the two method, again with higher
concentrations extracted by the EPA-1312 method. Sulfate is the dominant anion in the leachates. Sulfate
concentrations were analyzed by ICP-AES on a subset of mine-waste samples prepared by both leach
procedures; results from the EPA-1312 leachates showed higher sulfate values. The higher sulfate values in
the EPA-1312 lcachates are not a result of sulfate contributed from the extract solution (made with
approximately five ml of one-percent 60/40 H,SO/HNO, per 20 liters), as determined by multiple analyses
of proccdure blanks, which contained only 2 ppm sulfate.

Several important elements, including iron, lead, and possibly arsenic, do not exhibit these simple
relationships. Figure 3 shows the spread of the iron data from the passive leachate and the EPA-1312 leachate.
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Figure 3 Comparison of the concentration of iron (ppb) in leachates from the EPA-1312 and passive
leach methods. The iron concentrations in leachates from both methods show a reduction in the scatter
of the data in solutions where the pH is <3.
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This same general trend is scen for lead and possibly arsenic, although the arsenic data are truncated by the
uncertainty of the analytical methods at low concentrations. There appears to be no systematic bias in the data
favoring dissolved iron in the EPA-1312 leachates. The scatter about the 1:1 correlation line on the iron
diagram (Fig. 3) is much greater than that for copper (Fig. 2).

One noticeable feature of the plot of the dissolved iron data is that there is much better agreement
between data from the two Ieach methods at higher iron concentrations as shown by the convergence of the
analytical data at higher values and lower pH. A possible explanation for the wide scatter at lower
concentrations and higher pH involves the precipitation of iron colloids from some leach solutions, and the
methods of filtration. At the end of the Ieach period using the passive leach method, we observed a red-orange
precipitate coating the top surface of some leached mine-waste samples. The color of these samples was
originally gray. Above a pH of 3.5, iron begins to precipitatc and form colloids (Smith et al., 1993) We
interpret that this red-orange precipitate consists of settled iron colloids, and suspect that colloid formation
also occurred in the EPA-1312 leachates, where the fine precipitate would not be observed because the
samples were continuously mixed during extraction. The EPA-1312 leachates were bulk-filtered in a
pressurized stainless-steet unit using a 142 mm-diameter filter with nominal pore size of 0.7 microns, whereas
the passive leach solutions were filtered through a syringe-mounted 0.45 micron Gelman filter. The coarser
filter used for the EPA-1312 lcachates would seem to allow more colloidal iron to pass through the filter into
the leachate. However, since the entire sample including residual sludge is filtered, the filter disc can quickly
be packed with very fine sediment (clay sized) to a thickness of 3 mm or more, and thus the effective pore size
can be reduced to less than the stated 0.7 microns. Depending on the particle size distribution of individual
samples, this effective reduction of pore size would be variable. The solutions from the passive leach were
collected with a syringe directly from the solution, without disturbing the sediment, and so the passive
leachate filters were not subject to packing. For some samples, the EPA-1312 method may be removing ntore
smaller suspended material than the passive method. Thus, an unknown amount of iron may be sequestered in
a colloidal phase, which is subject to removal by filtration. At pH >3.5, lead and arsenic would be sorbed onto
these iron colloids (Smith et al., 1993) and also be removed, which would explain the wide dispersion of the
results for these two metals as well. Samples of non-crystalline iron-rich orange precipitates were collected
from Cement Creek near Silverton, Colorado. These precipitates, collected from water with a pH of 5.4,
contained S00 ppm (parts per million) copper, 540 ppm zinc, and 930 ppm lead (G.A. Desborough, U.S.
Geological Survey, unpublished data). How much of the variation in the data sets is duc to the differences in
filter size, filter packing, and colloid formation was not determined; the scatter is likely due to a combination
of several factors.

Formation of iron colloids and scquestration of metals in these leaching studies reflects an important
process that occurs in streams receiving metal-rich mine-waste drainage. Church et al. (1997) observed that
when the pH of drainage waters is raised either by dilution or mixing, copper and zinc can be sorbed onto
colloids and transported large distances from source areas. The sorbent colloids can be incorporated into the
bed sediments, where they are bio-available to benthic invertebrates that comprise the food chain for fish. It
is important to note that analysis of laboratory leachates with pH’s greater than 3.5 may not reflect the
partitioning of metals between the dissolved phase and the colloidal phase. In the field, the colloidal phase is
casily transported from the mine-waste site by surface runoff and can contribute to the degradation of overall
habitability of a stream reach.

The concentrations of dissolved metals in filtered leachates may nevertheless be an important parameter,
and whereas the concentrations of dissolved metals differ between the two leach methods, we conclude that
the simple passive leach method provides reliable, cost-effective data on the release of soluble metals and
acidity stored in water-soluble salts from mine-waste materials. Several studies have made use of the passive
leach to characterize minc-waste-dump and mill-tailings material in terms of their ability to rclease water-
soluble metals and to lower the pH of waters (Desborough and Fey, 1997; Nash 1999a, 1999b).

EPA-1312 LEACH RESULTS: CONDUCTIVITY, PH, SULFATE, TOTAL ACIDITY, AND
DISSOLVED METALS

When pyritic mine-wastes are exposed to air and water in the environment, acid is formed by the oxidation of
pyrite according to several reactions (Alpers et al., 1994). The acid generated will attack other sulfide
minerals, releasing potentially toxic metals such as zinc, cadmium, copper, arsenic, and lead. Calcite will be
dissolved, neutralizing an equivalent amount of acid. Partial dissolution of silicate minerals, especially biotite,
chlorite and epidote, also serves to neutralize acid. The leaching of mine wastes by the EPA-1312 leach
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Figure 4 Plot of pH versus the concentration of sulfate (ppm) from the EPA-1312 leachates. Mineral
deposit types from the Animas and Boulder watershed are shown using different symbols.
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Figure 5 Plot of conductivity versus the concentration of sulfate (ppm) from the EPA-1312 leachates.
Mineral deposit types from the Animas and Boulder watershed are shown using different symbols.

process predominantly releases the acid and metals stored in water-soluble sulfates produced during cycles of
wetting and drying of the mine-waste material (Alpers et al., 1994).

For brevity, the following discussion of pH, conductivity, dissolved metals, sulfate, and acidity are
restricted to the results from the EPA-1312 leach method. Data from these studies are summarized on Figures
4-9. Figure 4 illustrates the systematic relationship of dissolved sulfate and pH in the leachates. The sulfidic
mine-wastes from the acid-sulfate mineral deposits in the Animas River study area define the low pH, high
dissolved-sulfate portion of the curve. Figure 5 shows that conductivity is a reasonably good proxy for sulfate
concentration. Figure 6 shows the relationship of dissolved zinc to pH. The higher zinc concentrations
generally occur in leachates with a pH <4; however, zinc can remain in solutions of higher pH. Figure 7 shows
the relationship between pH and dissolved copper. The highest concentrations of copper are in solutions with
pH <3.5 and contain all of the samples from the acid-sulfate class of mineral deposits. The high concentrations
of copper indicate that copper sorption onto iron colloids was not an important process in these laboratory
extractions. Smith et al. (1993) have shown that for relatively elevated dissolved iron concentrations (1 g/L)
in such solutions, copper is not significantly sorbed onto iron colloids at pH <4.
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Figure 6 Plot of pH versus the concentration of dissolved zinc (ppb) from the EPA-1312 leachates.
Mineral deposit types from the Animas and Boulder watershed are shown using different symbols.
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Figure 7 Plot of pH versus the concentration of dissolved copper(ppb) from the EPA-1312 leachates.
Mineral deposit types from the Animas and Boulder watershed are shown using different symbols.

Figure 8 shows the pH of the leachates versus the NAP (Net Acid Production) of the samples. The
correlation between NAP and leachate pH indicates the pH of the leachate may serve as an indicator of long-
term acid-generating potential of the mine wastes, since the pH of the leachate is indirectly controlled by a
sample’s pyrite content and its associated NAP. On Figure 9, the ratio of dissolved iron in the EPA-1312
leachate to the total iron in the mine-waste sample is plotted against the pH of the leachate. The relationship
bctweex.\ FeM)(Fc(M ax‘n.j pH. indicates that Fe%“i € total) is anothcr. measure of the long-term acid
generation capacity of pyritic mine-waste dumps. The Fc(,mh)/Fe(w ratio is also strongly controlled by
mineral deposit type, as indicated by the distribution of data from the acid-sulfate mineral deposits (Plumlee
and Nash, 1995). For most of the mine-waste samples in this study, less then 0.1% of the iron is present in
water-soluble mineral phases and the pH values of the EPA-1312 leach solutions do not go below 2.4. The
more complete oxidation of samples in the NAP test, however, yielded solutions with pH values as low as 1.9.

CHEMICAL RANKING OF MINE WASTES
The numerous mine waste piles from polymetallic-vein deposits (97) and the few wastes from acid-sulfate
deposits (9) that we studied in the laboratory, can be classified, or ranked, with regard to their potential for
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Figure 9 Plot of pH of the EPA-1312 leachate versus the ratio of dissolved iron in the EPA-1312
leachate/total iron in the mine-waste sample. Note that the samples that generate the low pH leachate
waters have a higher percentage of the iron available in the form of water-soluble salts. The leachates
from the mine-waste samples from the acid-sulfate deposits contain the highest percentage of dissolved
iron with all but one of these samples plotting above the 0.01% line.

, degrading water quality using chemical criteria. This was done to assist in identifying those mine wastes that
may require remediation measures. The criteria described here are applicable to polymetallic-vein and acid-
sulfate mine wastes collected from the watersheds in this study, and are used to determine relative ranking
within the study areas. This approach may be applied to other mineral deposit types and in other geographic
settings.

Figure 10 is a plot of the NAP in kg CaCO, per ton, versus the sum of dissolved toxic metals
As+Cd+Cu+Pb+Zn, defined here as ZTM (sum of toxic metals in ug/L or ppb), in leachates of the 106 wastes
studied. The data points on the figure can easily be segregated into three groups, as follows: group 1, with
ZTM <1,000 ug/L and a NAP <10 kg CaCO, per ton; group 2, with ZTM 1,000-5,000 ug/L and NAP of <10;
group 3, with ZTM >5,000 ug/L. The third group is subdivided into 3a and 3b on the basis of NAP >10 kg
CaCO, per ton. Group 3b has the greatest potential for water quality degradation and should have the highest
priority for removal to mitigate acidic waters at a watershed scale.
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Figure 11 Plot of the net acid production (NAP) versus the dissolved iron concentration. The samples
are grouped into three main classes: 1) those with dissolved iron less than 1,000 ppb, 2) those with
dissolved iron greater than 1,000 ppb and NAP <10 kg CaCO; per ton, and 3) those with dissolved iron
greater than 1,000 ppb and NAP >10 kg CaCOj per ton.

A second criterion we propose is the relation between dissolved iron and NAP (Fig. 11). Samples with
high dissolved iron and high NAP are readily segregated from samples with low dissolved iron concentration
and low NAP (<10 kg CaCO, per ton). The separation value for dissolved iron is at about 1,000 xg/L, and we
have chosen this value because the “Class 1 Aquatic Life” standard for iron in Colorado streams is 1,000 pug/L,
regardless of alkalinity (Colorado Department of Health, 1984). In addition, Nordstrom et al. (1999) have
shown “that a few mg of Fe per liter is unsafe or toxic for aquatic life in freshwaters.” We have therefore used
1,000 pg/L dissolved iron and associated NAP of >10 as a cutoff for ranking mine wastes. It is important that
a mine-waste sample be evaluated using all three factors: the NAP, the sum of toxic metals from water
leachates, and the dissolved iron concentration. Waste pile size, accessibility, and hydrologic factors such as
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water running over the surface, proximity to surface waters or siting of the mine-waste material over a
fractured or permeable substrate should also be considered.

CONCLUSIONS .

Comparison of the data from the EPA-1312 leachates and the passive method leachates indicates the methods
produce the same general results for both leachate pH and dissolved metal concentrations, but the EPA-1312
leachates may contain higher concentrations of dissolved metals than the passive leach method. The pH of
leachate solutions is indirectly related to the NAP of the polymetallic-vein and acid-sulfate minc wastes
studied here. An important consideration is that the values of water-soluble metals from ecither leach method
may not reflect partitioning of some metals between the dissolved and the colloidal phases. The passive leach
method is less labor intensive and may better simulate the natural weathering processes at the surface of mine-
waste piles.

We propose a system to rank mine-waste dumps on the basis of the net acid production (NAP) of wastes
and the sum of dissolved, potentially toxic metals, and the dissolved iron of the leachates. This is a relative
ranking model, applicable to the mineral deposit types and the watershed containing them. Application of the
ranking model to other mineral deposit types and settings may result in different numerical values for classes,
but still provide a method to determine relative ranking of mine wastes within a watershed.
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Quantifying Effects of Metal Loading from Mine Drainage

Briant A. Kimball', Kenneth E. Bencala®, and Robert L. Runkel’

ABSTRACT

Thousands of abandoned and inactive mines are located in environmentally sensitive mountain watersheds.
Cost-effective remediation of mining sites in these watersheds requires knowledge of the most significant
sources of metals to surface waters. The significance of a given source not only depends upon the
concentrations of a toxic metal, but also on the total mass, or load of metal added to the stream. To determine
loads, we combined tracer-injection methods, to provide reliable discharge measurements on a watershed
scale, with synoptic sampling, to provide spatially detailed concentration data. The resulting load profiles
indicate which sources have the greatest effect on streams, where natural attenuation of metal loads occurs,
and where ground-water inflows are located. This is part of the information needed for planning remediation
of mine-drainage effects. The approach is illustrated by comparing zinc loading curves from three watersheds
affected by mine drainage.

INTRODUCTION.

Thousands of abandoned and inactive mines are located in environmentally sensitive mountain watersheds.
Remediation of mining effects will be more cost-effective if planning is accomplished on a watershed scale,
rather than on a site-by-site basis. Watershed-scale planning requires knowledge of (1) the most significant
sources of metals to streams, (2) the extent of natural attenuation of metals entering a stream, and (3) the role
of ground-water contributions to metal loading. Since 1997, the U.S. Geological Survey Abandoned Mine
Lands (AML) Initiative has focused on identifying the geologic, geochemical, geophysical, hydrologic, and
biologic information that is necessary to plan the most effective watershed-scale remediation. One part of this
effort has been to develop an approach to quantify the effects of mine drainage on streams by using tracer
injection and synoptic sampling in watersheds. Tracer injection quantifies stream discharge (Bencala et al.,
1990) and synoptic sampling defines the detailed spatial variations in stream-water chemistry (Bencala and
McKnight, 1987; Kimball et al., 1994; Kimball, 1997). The purpose of this paper is to illustrate the
information that results from this approach, and to suggest how the information fits into the larger AML
scheme.

The illustration draws upon data from three watersheds in the Rocky Mountains. Each of these areas is
affected by historic mining, but the watersheds differ in their geologic and hydrologic characteristics. The
tracer-injection and synoptic-sampling approach reveals how these differences result in characteristic patterns
of metal concentration and loading in the streams. The loading profile of zinc, which affects the aquatic
organisms in each of the streams, will be used to illustrate these distinctions.

METHODS

Quantification of metal loads requires accurate discharge measurements and representative chemical
concentrations. However, quantifying discharge in mountain streams is complicated by the turbulence that
results from pools, riffles, and cobbled bottoms. An even greater complication occurs because much of the
water in mountain streams flows among the cobbles, in the hyporheic zone (Bencala et al., 1990, Harvey and
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Bencala, 1993). Thus, a traditional measurement of discharge in the stream channel can miss a substantial
percentage of the flow, resulting in an underestimate of metal loads (Kimball, 1997).

Quantification of Discharge

Dilution of a continuously injected chemical tracer provides a way to measure discharge in mountain streamns.
Because the tracer follows the water through cobbled bottoms, it accounts for both the surface and hyporheic
flow. When the tracer reaches a steady concentration at each stream site, discharge can be calculated by the
amount of dilution at each successive stream site. For example, sites B through E (fig. 1) will have
successively lower tracer concentrations, if discharge increases downstream. The conservation of mass
requires that the load of tracer in the stream at B must be equal to the load at A, upstream from the injection,
plus the load from the injection (Table 1, equation 1). Also by the conservation of mass, the discharge at B
must equal the discharge at A plus the discharge of the injection. By using both equations, we solve for
discharge downstream from the injection point (equation 2).

To calculate discharge at site C and all subsequent sites downstream, we modify equation 2 by
replacing C, with the tracer concentration at the particular site. Although C, remains in the numerator, a pre-
injection value of the tracer at the downstream site is needed to substitute for C, in the denominator (equation
3). If we have chosen a tracer with a background concentration less than detection, then this term would equal
zero. Without a pre-synoptic measurement of the tracer, then the synoptic samples at sites B, C, and the
inflow site I could be used to account for tracer dilution at site C, and the same calculation can be made along
the rest of the study reach (equation 4).

During base-flow conditions, tracer dilution allows the detection of relatively small inflows of water,
on the order of a few percent, and also makes it possible to measure discharge at a large number of synoptic
sampling sites in 1 day. Chloride and bromide salts of sodium and lithium typically are suitable tracers;
lithium works well in streams with low pH, and chloride and bromide work well in streams with higher pH.
Dye tracers have the disadvantage of being unstable at low pH and of sorbing to solids and organic matter in
the hyporheic zone (Bencala et al., 1986). Zellweger et al. (1988) provides a more detailed description of
tracer-injection methods.

Quantification of Loading

To quantify loads on a watershed scale, we divide the stream into segments by collecting samples upstream
and downstream from visible inflows (B, C, and D, fig. 1) and at other sites that will help quantify subsurface
inflows (E, fig. 1). Synoptic sampling provides a detailed, longitudinal profile of load for stream sites and
inflows at a point in time. The influence of any particular inflow is measured by its load, not just its
concentration. If two inflows have the same concentration, the one with the greater discharge will have a
greater influence on the downstream concentration. Logistically,not all the water entering the stream can be
sampled because-some of it enters as diffuse subsurface inflow. Thus, we sample as many inflows as is
practical to define the possible range of inflow concentrations that account for the increases of load in the
stream.

Sampled Instream Load. The mass balance at site C includes the instream load at site B plus the inflow load
contributed by all the surface and subsurface inflow between sites B and C (equation 5). In this illustration,
the inflow load includes a tributary inflow, which can be sampled at site I. The total inflow load, however,
can be a combination of visible inflow, seeps, springs, and diffuse subsurface inflow. We guantify the total
volume of inflow as the difference in stream discharge between sites B and C. For the instream load at C to
exactly equal the sum of instream load at site B and the inflow load, the tributary concentration, C,, must
represent the discharge-weighted average concentration of all the water entering the stream between sites B
and C. This discharge-weighted average, which we call the effective inflow concentration, can be calculated
for a stream segment by rearranging equation 5. An increase of load in the stream accounts for the influence
of one or more metal sources in that particular segment of the watershed. As instream load changes
downstream, we designate the change between sites as AM_; the change quantifies the minimum amount of
loading for each stream segment {equation 6). The change also is equal to the product of the effective inflow
concentration and the change in discharge between sites B and C (equation 6).
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Figure 1 Schematic diagram showing mass-balance calculations around an inflow to a stream. See
Table 1 for definition of the variables. -7 -

The sampled instream load can increase or decrease downstream. For example, with a net decrease in
load in the segment between C and D, AM_ is less than 0, as suggested in fig. 2a. This would indicate a net
removal of load due to physical, chemical, or biological processes. If there is no net change in load between
two sites, AM equals zero; indicating either no loading or that the loading and removal processes are in
balance.

Sampled Inflow Load. If we substitute the sampled inflow concentration for the effective inflow
concentration in equation 6, we have a definition for the change of the sampled inflow load, which we
designate as AM, (equation 7). The comparison between AM, and AM, depends on whether our sampled
inflow concentration is representative of the effective inflow concentration (Bencala and Ortiz, 1999).
Discrepancies between the two may indicate that there is “unsampled” inflow entering the stream that has a
metal concentration that is different from the inflows we have sampled. Samples from the tributaries, seeps,
springs, and subsurface water (from wells, pits, or drive points) help evaluate how well we have accounted
for effective inflow concentrations with the inflow load.

Summation of Total Load. We can further utilize the loading data by summing the changes for each segment.
The summation of sum of positive values of AM, leads to a minimum estimate of the total load added to the
stream (Fig. 2b). In our example, there was a net loss between C and D, causing the summation of total load
to be greater than the sampled instream load downstream from that segment. At the end of the study reach,
the difference between sampled instream Joad and the summation of total load accounts for the load removed
through natural attenuation in the stream channel.
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Table 1. Equations defining calculated quantities in tracer-injection studies

[Subscripts correspond to sites illustrated in figure 1]

Calculated quantity Equation Variables

I)Mgssbalanceofloadand M =CQ =CQ +C. Q. Mg Load atsite B
discharge downstream ¢ a. AT b Cp, Concentration at site B
from the injection site 0y =0, + 0 Qs, Discharge at site B

C,, Concentration at site A

0,4, Discharge at site A

Cin, Concentration of injectate

solution
Q) Discharge of injection
pump
2) Discharge at first site 0 ( -C ) Al] variables defined above
downstream from tracer 0 = AN A
-injection. ? (CH - CA)
3) Discharge at subsequent 0 ( -C ) Qc, Discharge at downstream
downstream sites based Q. = i\ i A7 site
on pre-synoptic samples ¢ ( c.-c! ) Cc, Concentration of tracer at
downstream site
cf o Pre-injection
concentration of tracer at
downstream site
4) Discharge at subsequent 0 (C -C ) C;, Synoptic concentration of
downstream sites based Q =——tr—l tracer at downstream site
on synoptic inflow (c.-¢)
samples

5) Sampled instream Joad at - _ E _ M¢, Load at site C or
subsequent stream sites M. =CQ =C0, +C (Q Q) subsequent sites

downstream
C¥,. Effective inflow
concentration
6) Change in sampled AM =CQ0 -CQ AMj;, Net change in load
instream load s ; c = between sites B and C
= CI (Qr - QB)
7) Change in sampled inflow M =C (Q -0 ) AM; Net change in load
load ! PA=e = between sites B and C
based on sampled inflow
concentration
C;, Sampled inflow
concentration

Summation of Inflow Load. We also can sum the values of inflow load for all the stream segments. At the end
of the study reach, this sum quantifies the load accounted for by inflow samples. A difference between
summations of total and inflow loads leads to a direct comparison between sampled and effective inflow
concentrations (Fig. 2c). The values of AM, and AM, for individual subreaches can have three outcomes:
(1) If AM, is equal to AM, between stream sites, then the sampled inflow concentration is
representative of the effective inflow concentration. This situation is not common and is not



shown in the example in Figure 2c. Because mine drainage often mixes with catchment water
that is unaffected by mining, sampled inflow concentrations generally are lower than the
effective inflow concentrations. .
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Figure 2 Examples of load profiles for (a) sampled instream load, (b) summation of total load, and (c)
summation of inflow load

(2) If AM, is greater than AM, then the effective inflow concentration is greater than the sampled
inflow cancentration. The summation of total load is greater than the summation of inflow load
between B and C and between D and E (fig. 2c). Between sites D and E, there may not have
been a sample of the ground-water inflow, but the increase of instream load was observed at site
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E. The divergence of the summation of total load from the summation of inflow load can be an
indication of diffuse subsurface inflow that increases metal load.

(3) If AM, is less than AM,, then the effective inflow concentration is less than the sampled inflow
concentration. Between C and D, there was a net loss of metal from the stream, but the
summation of inflow load indicated a slight increase. With a sampled inflow concentration, the
value of AM, might be added to the summation of total load if AM, is negative.

The load profiles in Figure 2c are typical of many streams affected by mine drainage. However, each
stream is unique because of local variations in watershed characteristics.

RESULTS AND DISCUSSION

Given the framework of the sampled instream load, the summation of total load, and the summation of inflow
load, we are able to address some important questions about a watershed. What are the principal sources of
metal loading? What is the extent of natural attenuation in the stream? Are there important sources of
subsurface inflow that contribute to the metal load in the stream? A comparison of three streams affected by
mine drainage will show how these questions can be answered.

Little Cottonwood Creek, Utah

Background. Little Cottonwood Creek is a neutral-pH stream draining the Alta mining district in the Wasatch
Mountains of Utah. Details of the study in Little Cottonwood are reported in Kimball et al. (1999b). Synoptic
sampling along 8 kilometers of Little Cottonwood Creek included 45 stream sites and 32 inflows. Discharge,
which was determined by dilution of a sodium chioride tracer, increased from 45 to 910 liters per second (L/s)
along the study reach. Inflows along individual subreaches ranged from seepage of less than 1 L/s to a well-
defined tributary of 150 L/s. Zinc concentrations in the stream ranged from 0.01 to 0.32 milligrams per liter
(mg/L), and pH was higher than 8.0.

There are two main mine-drainage tunnels that discharge water to the stream. First, the combined
Howland Tunnel inflow enters the stream at 1,403 m (fig. 3a). Second, the Wasatch Tunnel has a substantial
mine pool behind a bulkhead. When the mine pool behind the bulkhead is about 300 feet deep, it discharges to
the stream through a small adit and through bedrock fractures near 2,470 m. Part of the mine-pool water is used
for cooling a power generator at Snowbird ski resort; the cooling water is discharged at 2;926 m. The unused
water is discharged at 3,068 and 3,069 m.

Zinc-loading profile. The most notable features of the zinc-loading profile are the discrete increases in zinc load
where mine tunnels discharge to the stream (Fig. 3a). The first increase is from the combined Howland Tunnel
and the second, larger increase is from the Wasatch Tunnel. Of the separate inflows from the Wasatch Tunnel,
the greatest loading occurs from the cooling water at-2,926 m The overflow water was being experimentally
treated during the tracer injection, and so the overflows at 3,068 and 3,069 m did not contribute to the zinc load
(Douglas Evans, Salt Lake County Servicc District, oral commun., 1998). Another important feature is the
substantial, consistent attenuation of the zinc load downstream from the large increase at 3,037 m. The loss of
zinc load is quantified by the difference between the summation of total load and the sampled instream load at
the end of the study reach; about half the dissolved zinc load is lost from the water column to the streambed.
Upstream from the inflow of Wasatch Tunnel cooling water, the summation of inflow load accounted for
almost the entire total load (Fig. 3a). Thus, the sampled inflow concentrations were representative of the
effective inflow concentrations. Downstream from 3,069 m, however, and particularly at the Tanners Flat
campground, there was substantial unsampled inflow. There are no mine-drainage tunnels in that part of the
study reach, and so the inflows mostly are from subsurface inflow.

Cement Creek, Colorado

Background. Cement Creek is an acidic, metal-rich tributary of the Animas River in the San Juan Mountains of
southwestern Colorado. It is located mostly within the Silverton caldera structure, an area with extensive
alteration, much of which has been mined. Details of the study are reported in Kimball et al. (1999a). Synoptic
samples along 12 kilometers of Cement Creek included 57 stream sites and 45 inflows. Discharge was
determined by dilution of a lithium chloride tracer and increased from 45 to 702 L/s along the study reach.
There were 10 distinct inflows greater than 20 L/s each, which accounted for more than 60 percent of the
increase in flow. Zinc concentrations in the stream ranged from 0.02 to 1.2 mg/L; median pH was 3.88.

Zinc loading profile. There was a substantial increase of zinc load along the entire study reach of Cement
Creek; the increases were more evenly dispersed among stream segments than in Little Cottonwood Creek (Fig.
3b). The dispersed loading could be a result of the widespread alteration of the Silverton caldera. Because of the
low pH of the stream, zinc was mostly conservative. Zinc load decreased in a few subreaches, which caused the
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summation of total load and the sampled instream load to diverge. These reactive subreaches were downstream
from inflows with relatively high pH, and zinc was removed from the stream like most likely by sorption to the
iron colloidal material and organic matter that coated the streambed. The difference between the summation of
total load and the sampled instream load indicates the extent of natural attenuation of zinc along the study
reach. The summation of inflow load was substantially less than the summation of total load, indicating
substantial unsampled inflow. This mostly occurred in discrete subreaches of the stream near Prospect Gulch,
Ohio Guich, and the Lower Bog, where ground-water inflows entered the stream along fractures.
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Figure 3 Zinc-loading profiles for (a) Little Cottonwood Creek, (b) Cement Creek, and (c) Bullion
Creek
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Bullion Creek, Montana

Background. Bullion Creek is a tributary of Jack Creek near Boulder, Montana. It is acidic. with a median pH
of 3.73 upstream from its confluence with Jack Creek. It receives drainage from the adit of the Bullion Mine.
Details of the study are unpublished at the present time (B.A. Kimball, U.S. Geological Survey, unpublished
data). A sodium chloride tracer was used to quantify discharge for 33 stream sites and 11 inflows along a 2-
kilometer study reach. Discharge increased from 3 to 26 L/s along the study reach. Zinc concentration in the
stream ranged from less than 0.01 to 8.2 mg/L.

Zinc-loading profile. Zinc loading into Bullion Creek almost completely occurred along the first 500 m of the
study reach, and most of it was from just 2 inflows (Fig. 3c). There were relatively few inflows compared to
the other streams, most likely because of the low transmissivity of the bedrock (Mike Cannon, U.S.
Geological Survey, unpub. Data, 1998). Comparison of the summation of total load and the sampled instream
load indicates that there is essentially no attenuation of zinc load; however;-the summation of inflow load is
greater than the summation of total load and the sampled instream load, a condition that did not occur in the
other streams. There are two plausible explanations for this. First, the inflows could account for more loading
than that measured in the stream because zinc was removed from the water rapidly, before the water reached
the downstream sampling sites. Second, the effective inflow concentration of zinc could have been lower
than the sampled inflow concentration. In Bullion Creek, there was substantial deposition of iron precipitates
on the streambed, and so the field observations favor the first explanation that zinc was lost to the streambed.

CONCLUSIONS
The contrasts among these three streams indicate the effectiveness of the tracer-injection and synoptic-
sampling methods in providing a blueprint for the loading and the chemicai processes in specific watersheds.

First, there was a distinct difference between the general pattern of Cement Creek, and the patierns of Little -

Cottonwood and Bullion Creeks. Cement Creek had many sources of loading that were distributed along the
stream. With many distributed sources, remediation in Cement Creek would be very difficult, and efforts on
individual sources would only affect a small percentage of the total zinc load. Much of this dispersed lcading
could be from non-mining sources. In fact, the dispersed pattern of the loading profile for Cement-Creek
could be a result of extensive inflow from both mining and non-mining sources. In contrast, Little
Cottonwood and Bullion Creeks had discrete sources. Because most of the loading in those watersheds came
from well-defined adits and mine-drainage tunnels, remediation could be focused to accomplish a substantial
removal of metal loads.

Differences in chemical and hydrologic processes also were apparent. The high pH of Little
Cottonwood Creek caused attenuation of zinc along a substantial part of the study reach. In Cement Creek,
however, zinc was removed only in mixing zones where higher pH occurred. In Bullion Creek, despite the
iow pH, the zinc was removed, perhaps the high concentrations of zinc caused sorption to the iron colloids on
the streambed. The extent of unsampled inflow was greatest in the Cement Creek watershed, which is the
area with the greatest amount of alteration, and the most affected by fractures that could bring ground water
to the stream.

The distinct differences among these watersheds point out the need for careful study of individual
watersheds to prepare for remediation. Data from tracer-injection and synoptic sampling. combined with
geologic and biologic data, provide a useful tool to gain some of the information that is nceded to make
remediation decisions.
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An Investigation of the Partitioning of Metals in Mine Wastes
Using Sequential Extractions

Reinhard W. Leinz', Stephen J. Sutley', George A. Desborough’, and Paul H. Briggs'

ABSTRACT

The mode of occurrence of metals in mine wastes is investigated using sequential extractions. Metals are
extracted from some or all of seven operationally-defined phases: water-soluble, ion-exchangeable,
carbonate, amorphous Fe-oxide, crystalline Fe-oxide, suifide, and silicate. The quantity of-metals-extracted
from each phase varies with particle size. The presence of jarosite (potassium end-member formula,
KFe;[SO,],[OH]¢) influences the selection of the procedure for extracting the crystalline Fe-oxide phase.
Anglesite (PbSO,) and cerussite (PbCO,) are extracted as several phases. Extraction results can be explained
only in part by X-ray diffraction (XRD) mineralogy because of lack of specificity of the extraction
procedures, relatively high XRD detection limits, and the presence of 40% XRD-amorphous matter in each
waste. The increasing chemical strength of the sequentially applied methods provides a basis for judging
metal availability, water-soluble metals being most available and silicate-bound metals being least available.

INTRODUCTION

Sequential extractions have been used primarily for the chemical speciation of metals in soils and sediments.
Tessier ct al. 1979, maintained that sequential extractions can furnish detailed information about the mode of
occurrence, biological availability, and mobilization of trace metals-in sediments. Accordingly, when.applied
to mine wastes, the extractions may provide information useful for evaluating the near and long term effects
of wastes on the environment.

In sequential extractions, metals are extracted from mineral phases that are operationally defined. This
means that the procedure itself defines the extracted phase. A procedure that preferentially extracts metals
associated with any one mineral or component of the sample is often referred to as phase specific, although
total specificity is highly improbable if not impossible. Commonly, metals are extracted from several, or all
of the following operationally-defined phases and in the given order: (1) metals present in water-soluble
form; (2) ion-exchangeable metals; (3) metals associated with carbonates; (4) metals associated with
amorphous iron and manganese oxides (Fe-MnOx,,,); (5) metals bound to crystalline iron oxides (FeOxy,);
(6) metals occurring as, or in sulfides; and (7) the remaining metals not extracted in the preceding steps,
referred to as the silicate or resistate phase. A step for the extraction of metals associated with organic
material is sometimes included early in the sequence.

The partitioning of metals in four acid-generating mine wastes was investigated using sequential
extractions. Concurrently, the wastes were mineralogically characterized by X-ray diffraction (XRD).
Extractions were conducted on composite samples collected from the surface of waste dumps of the May
Day and Yukon mines in the upper Animas Basin, near Silverton, Colorado, and the Sunday No. 2 and Venir
mines near Leadville, Colorado. Sampling of the dumps and preparation of the bulk samples are described
elsewhere (Smith et al. this volume). Extractions were first conducted on five size fractions derived from the
<2mm fraction of the composites (table 1) and on several types of jarosite, a mineral commonly associated

1 U.S. Geological Survey, Denver, Colorado
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with pyritic mine wastes. The initial extractions were conducted to evaluate particle size effects as well as to
establish the phase of extraction of jarosite, which was identified in all of the composites by XRD. For
expediency, in these initial extractions metals were extracted from only five of the seven phases enumerated
above. The ion-exchangeable and carbonate phases were not extracted and any metals associated with these
phases are presumed to have been extracted with the Fe-MnOx,,, phase. Aside from the water-soluble phase,
the procedures used for the initial extractions are recommended by Griffioen and Broers 1993 (table 2).

Based on the results of the initial extractions, a second set of extractions was performed directly on the
<2mm fraction of the composites and on two types of jarosite. All samples were pulverized to <0.075mm.
The number of phases extracted was expanded to include the ion-exchangeable and carbonate-associated
metals and different procedures were used to extract the FeOx,,,, sulfide, and silicate phases (table 3).
Finally, extractions of the first five phases (water-soluble through FeOx ) were applied to samples of
anglesite (PbSO,) and cerussite (PbCQO,), Pb minerals identified in specially prepared mineral separates of
the wastes in detailed XRD studies (Sutley and Desborough, this volume).

METHODS

Extractions of Varying Size Fractions and Jarosites

Initially, to evaluate particle size effects, five phases were extracted from five size fractions (table 1) of each
mine waste composite using the procedures in table 2. To determine the phase of extraction of jarosite, the
same procedures were applied to samples of potassium, hydronium, and lead jarosite. The size fractions were
obtained by sieving the bulk <2mm fraction of the composites through nested stainless steel sieves. The
particle size of the jarosite samples was estimated to be <0.18mm. Following each procedure, the extraction
solution was separated from the sample residue by high speed (12,500 rpm), temperature-controtled (20-
25°C) centrifugation and the extraction solution was filtered through a 0.45um cellulose membrane syringe
filter. The extract solutions were analyzed for metals by inductively coupled plasma-atomic emission
spectrometry (ICP-AES) or by atomic absorption spectrophotometry (AAS).

Seven-step Extraction Procedure

Following the above initial extractions, the seven-step extraction procedure in table 3 was performed on
splits of the <2mm fraction of the composites and on samples of potassium and lead jarosite. In addition,
steps 1 through 5 were applied to samples of anglesite and cerussite. For these extractions, the samples were
finely ground to <0.075mm in a miniature grinding mill or with a mortar and pestle. Separation of the sample
residue from the extract solution was by centrifugation, as above. To assist in this separation and preclude
further separation by filtration, pure silica gel was added to the sample prior to extraction of the initial (H,0-
soluble) phase. The use of silica gel is permitted if analysis of the extract solutions for Si is not requisite. The
extract solutions were analyzed for metal content by ICP-AES or AAS.

Table 1 Size fractions of composites and weight percent of total composite weight

Fraction  Range of particle size Weight percent Weight percent
of Composite of Composite
May Day Yukon

1 <2mm >0.425mm 62.45 55.40

2 <0.425mm >0.125mm 21.22 27.31

3 <0.125mm >0.075mm 8.37 8.95

4 <0.075mm >0.043mm 7.10 7.57

5 <0.043mm 0.86 0.77
Sunday No.2 Venir

1 <2mm >0.425mm 63.50 55.08

2 <0.425mm >0.125mm 22.73 25.74

3 <0.125mm >0.075mm 9.04 12.42

4 <0.075mm >0.043mm 4.40 6.44

5 <0.043mm 0.33 0.33
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Table 2 Five-procedure sequential extraction applied to five size fractions of mine waste composites
and samples of jarosite (steps 2-5 are recommended by Griffioen and Broers,1993)

Phase Description of Procedure

Water-soluble 1. One gram of sample is extracted with 20ml deionized water in a 50m! centrifuge
tube for two hours in a horizontal, reciprocating shaker, at ambient temperature.

Fe-MnOx,,, 2. The residue from no. 1 is extracted with 20ml of 0.25M hydroxylamine
hydrochioride in 0.25M HCI for 30 minutes in a water bath, at 50°C (Chao and Zhou
1983).

FeOx 3. The residue from no. 2 is extracted with 40ml of a solution that is 0.2M in

CI'yS( - - . . - « -
ammonium oxalate and oxalic acid and 0.1M in ascorbic acid for two hours in a

water bath, at 94°C.

Silicate 4. The residue from no. 3 is shaken for eight hours with 30ml of 10M HF to which is
then added 5g of boric acid and the sample is shaken for another 8 hours.
Sulfide 5. The residue from no. 4 is shaken for two hours with 10ml concentrated HNO,;.

Prior to centrifugation, 15mli of deionized water are added (Lord 1982).

Table 3 Seven-procedure sequential extraction applied to the <2mm fraction of the mine waste
composites and samples of jarosite

Phase Description of Procedure

Water-soluble 1. Same as for 5-procedure extraction except 0.25g of sample, with 0.25g of silica
gel added, is extracted with 25ml of water.

Ion-exchangeable 2. The residue from no. 1 is extracted with 25SmHM sodium acetate for one hour in a
horizontal reciprocating shaker, at ambient temperature.

Carbonate 3. The residue from no. 2 is extracted in a shaker for two hours with 25ml 1M
sodium acetate buffered to pH 5 with acetic acid.

Fe-MnOx,,, 4. The residue from no. 1 is extracted with 25ml of 0.25M hydroxylamine
hydrochloride in 0.25M HCI for 30 minutes in a water bath, at 50°C (Chao and Zhou
1983).

FeOx,, 5. The residue from no. 4 is extracted with 25ml 4M HCI for 30 minutes in a water
bath at 94°C.

Sulfide 6. Two grams of sodium chlorate are added to the residue from no. 5, followed by

careful addition of 10ml concentrated HCI. After 45 minutes the aqueous phase is
separated and diluted to 25ml with deionized water. The residue is extracted for 40
minutes with 25mi 4M HNO; in a boiling water bath. The two extracts.are analyzed
separately and the results combined. (Chao and Sanzolone 1977)

Silicate 7. The residue from no. 6 is transferred to a Teflon beaker and is digested with 10ml,
of each, concentrated HNO,, HCIO,, and HF at 220°C, to a moist bead. The moist
bead is taken up in 25ml 4M HCI at 100°C for 30 minutes. The final volume is
adjusted to 25ml with deionized water.

RESULTS AND DISCUSSION

Mineralogical Effects

Differences in mineralogical composition influence selection of procedures commonly used for extraction of
metals from phases of soils and sediments when they are applied to extraction of mine wastes. For example,
the composites from the May Day, Yukon, Sunday No. 2, and Venir dumps were all determined by XRD to
contain jarosite, a mineral of the general formula AFey(SO,),(OH),. The "A" position is occupied by any of a
number of cations, most often K*, Na*, H,0*, and Pb*. In this study, several types of jarosite were
sequentially extracted using the procedures recommended by Griffioen and Broers 1993 for extraction of
soils and sediments. These include a solution of ammonijum oxalate, oxalic acid, and ascorbic acid for
extraction of the FeOx,,, phase, HF and H;BO; for extraction of the silicate phase, and HNO; to extract the
sulfide phase (table 2). The results for Fe in figure 1 show that three types of jarosite (potassium, hydronium
and lead) are partially extracted by the solution used to extract the FeOx,,,, phase but are mostly extracted by
the solution used to extract the residual or silicate phase. On the other hand, based on the Fe, K and Pb
results shown in figure 2, K- and Pb-jarosite are almost totally extracted by hot 4M HCI. The use of HCI
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Figure 1 Fein five operationally-defined phases extracted from three types of jarosite
following the procedures in table 2
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Figure 2 Fe and K in five operationally-defined phases of K-jarosite and Fe and Pb in five
operationally-defined phases of Pb-jarosite extracted using procedures described in table 3



—&— Anglesite - - # - - Cerussite

1000000
100000 / o
. H.
10000 . IRLEY
g -
= 1000 SN :
= | \
o‘ ~
100 ‘-
10
1 r , : , ,
& & & & o &
P P & S Y &
S & o W < N
=) Q’Q"o ,g,o & ¥ <
..»0 & (@] %‘( '}\\
‘2‘ ‘gj" ‘QOQ d‘o\’
& K S
&
¥
Phase

Figure 3 Pb in six operationally-defined phases extracted from anglesite and cerussite

of varying concentrations for extracting different crystalline Fe-oxide minerals, and its limitations are noted
by Chao 1984. Because of its effectiveness for extracting jarosite almost completely with the-FeOx,,, phase,
the use of HCl is preferred for extractions of these mine wastes.

Figure 3 shows the results for Pb from the sequential extraction of anglesite, PbSO,, and cerussite,
PbCO,. The results indicate that extraction of these minerals from mine wastes can be expected to begin with
extraction of the water-soluble phase and probably concludes with extraction of the FeOx,,, phase. The
results show that anglesite is more water soluble than cerussite.

The Effect of Particle Size

The extraction of metals varies with particle size but not necessarily systematically. In general, the
-concentrations of water-soluble Fe, Pb, Zn and Cu increase with decreasing particle size for all the
mine waste composites, although increases may be minor. This is shown for the May Day
composite in figure 4. The concentration of metals extracted with the Fe-MnOx,, phase also
increases with decreasing particle size. There is an inverse correlation of Fe and Zn in the FeOx,,,
phase and the size fractions of the Yukon composite (figure 5), while Pb is shown to increase in
the mid-range size fractions and then decrease in concentration with decreasing particle size. In
the sulfide phase, there is an overall positive correlation between particle size and the
concentration of Fe, Pb, Zn and Cu in the Yukon composite (figure 6). A clear exception is the
amount of Fe extracted from the fraction of largest particle size. The relatively low concentration
of Fe extracted in the <2mm >0.425mm fraction is attributed to incomplete dissolution of larger
pyrite crystals under the conditions of extraction with nitric acid (Lord, 1982). The distribution of

metals in the FeOx,,, and sulfide phases of the Yukon composite (figures 5 and 6) is attributed to
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oxidation of pyrite by weathering with decreasing particle size and the resulting increase in the
amount of oxides in the smaller size fractions.

—@—Fe —¢—Pb—4A—Zn--+--Cu
120 47— e

100 /
. //
N

20 / —=

<2>425 <425>.125 <125>.075 <.075>.043 <.043

Particle size, mm

ug/g

Figure 4 The effect of particle size on extraction of water-soluble metals, May Day
composite R
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Figure 5 The effect of particle size on extraction of metals in the FeOx, phase, Yukon
composite

6/



—@—Fe ——Pbxl0 — A— Znxl0 --=+--Cuxl0
60000 -

50000

40000

0
& 30000
=

20000

10000

<2>425 <425>125 <125>075 <.075>.043 <043

Particle size, mm

Figure 6 The effect of particle size on extraction of metals in the sulfide phase,
Yukon composite

Partitioning of Metals in the <2mm Fraction of Mine Wastes

Results from the extractions of the <2mm fraction of the composites are shown in figures 7-10. Zinc and Cu
are more favorably partitioned in the FeOx,,,, and sulfide phases of the composites while Pb appears to be
more favorably partitioned in the Fe,, and FeOx.,, phases. Lead minerals identified in the composites by
XRD include anglesite, cerussite, and galena. As noted above, anglesite and cerussite are extracted over five
phases and galena (PbS) is soluble in HCI, the extract solution for FeOx.,,. Iron is strongly partitioned into
the FeOx,, phase of the May Day composite and the sulfide phase of the Yukon composite (figures 7 and
8). Differences between Fe in the FeOx,,, and sulfide phases are less pronounced in the Sunday No.2 and
Venir composites (figures 9 and 10). From figures 7-10, it is clear that in all the composites, K occurs almost
exclusively in the silicate, or resistate phase, most likely in muscovite.

Semi-quantitative XRD analysis (Sutley and Desborough, this publication) shows the amount of jarosite
in the four composites ranges from about 5 to 8 %. The amount of Fe extracted in the FeOx,,, phase (figures
7-10) exceeds the amount of Fe accounted for by the XRD-jarosite in each composite. Host minerals of Fe
not accounted for by jarosite are uncertain. Similarly, the occurrence of Fe in the suifide phase of the Yukon,
Sunday No.2 and Venir composites (figures 8, 9 and 10) exceeds the amount accounted for by XRD pyrite.
The remaining sulfide-Fe is unaccounted for mineralogically. The amount of Fe extracted from the sulfide
phase of the May Day composite (figure 7) equates to <0.5% pyrite, which was not detected by XRD. The
occurrence of trace amounts of sphalerite, ZnS, in the May Day and Sunday #2 composites is reflected by Zn
extracted with the sulfide phase (figures 7 and 9). Lead occurring in finely crystalline galena (<0.050mm),
detected in a heavy mineral concentrate of the Sunday No.2 composite, was mostly extracted by 4M HCI
with the FeOx_,, phase. Extraction of anglesite, PbSO,, found to be present in heavy mineral concentrates
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of the May Day and Venir composites, and cerussite, PbCQ,, in the Sunday No.2 composite probably spans
extraction of the water-soluble through the FeOx_,,, phases, suggested by results of extractions of the pure
minerals (figure 6). The amount of K extracted from the composites (figures 7-10), almost exclusively in the
silicate phase, is not totally accounted for by muscovite or feldspar identified by XRD.

Mineralogical analysis of the May Day, Yukon, Sunday No.2 and Venir composites indicates that about
40% of each is amorphous material (Sutley and Desborough, this publication). Comparing the chemical
composition derived from XRD mineralogy with the composition derived by other methods, including X-ray
fluorescence (XRF) and analysis by ICP-AES and AAS following total digestion, shows that mineralogy
does not account for significant amounts of Si, K, Al, and Fe. This implies that the unaccounted for portions
of these metals reside in an amorphous phase. The results for the extraction of K shown in figures 7-10
suggest that it resides principally in an amorphous silicate phase.

Extraction Results and the Mobility and Availability of Metals

The progressively increasing rigor or strength of the procedures in sequential extractions provides a means
for evaluating the mobility of metals in mine wastes and their availability to the environment. Defining as
mobile, or potentially mobile, the metals extracted with the water-soluble through the Fe,, phases, table 4
shows the amount of mobile, Pb, Zn, and Cu in each composite. The sum of mobile Pb, Zn and Cu is greatest
for the Sunday No.2 followed closely by the May Day composite {table 4). However, table 4 shows 40% of
the sum of total Pb, Zn and Cu in the May Day composite is accounted for by the mobile or potentially
mobile form of these metals, highest of all the composites. At the concentrations in which these occur, Pb
can be considered the most problematic.. Ribet et al. 1995 make the case that reductive dissolution of
weathered mine tailings by-organic covers intended to remediate the tailings may-release metals into the
cnvironment.. They equate the reducible phase of the tailings with the component extracted by 2M
hydroxylamine hydrochloride (NH,OH-HClI) in 25% (v/v) acetic acid (HOAc), which would encompass the
Fe,, phase extracted in this study and likely extend into the FeOx,,,, phase. The mobilization of metals by
action of decaying organic matter in the mine wastes studied here is feasible. Likewise, the mobilization
under natural conditions of metals associated with the ion-exchangeable and carbonate phases is feasible.
Table 4 Total metals (£), metals in mobile phases, and sum of mobile (Z Mobile) metals in <2mm
composites (n.d. means not detected)

May Day Yukon Sunday No.2 Venir
(ug/g) (ng/g) (ug/g) (ng/g)

Z Pb 5092 2081 7824 1569
H,0-Soluble 22 11 144 44
Ion-Exchangeable 50 10 130 15
Carbonate 320 60 250 60
Amorphous Fe-MnOx 1700 900 2300 300
X Mobile Pb 2092 981 2824 419
¥Zn 1662 1363 607 228
H,0-Soluble 22 33 67 28
Ion-Exchangeable n.d. n.d. nd. n.d.
Carbonate n.d. n.d. n.d. n.d.
Amorphous Fe-MnOx 700 30 40 nd.
% Mobile Zn 722 63 107 28

Z Cu 291 1040 305 237
H,0-Soluble 1.1 7.8 6.7 78
Ion-Exchangeable n.d. n.d. n.d. n.d.
Carbonate nd. n.d. n.d. n.d.
Amorphous Fe-MnOx 30 22 58 29

% Mobile Cu 31 30 65 107

CONCLUSION
Sequential extractions can be used to determine the mode of occurrence of metals in mine wastes in the sense
that with these extractions metals are partitioned into operationally defined phases. The extractability of
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metals in each phase varies with particle size, but not necessarily in a systematic manner. The mineralogical
composition of the mine wastes influences selection of extraction procedures. Interpretation of extraction
results is facilitated to a limited extent by XRD mineralogical analysis. Limitations are due primarily to the
lack of specificity of the extraction procedures but also to the relatively high XRD detection limits and the
presence of amorphous material in the wastes. The XRD-amorphous material appears to be extracted with
the FeOx.,, phase and the residual, or silicate phase. The increasing chemical strength of the steps in
sequential extractions provides a means for evaluating the mobility and availability of metals in mine wastes.
As a result, sequential extractions may be useful in studies addressing the impact of mining activity on the
environment.
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